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Summary  
 
In higher plants, ALuminum-activated Malate Transporters (ALMTs) form an anion 
channel family involved in fundamental physiological processes. After an 
introductory chapter about anion channels I will first present data on the physiological 
characterizations of one member of this family, AtALMT9. We found that AtALMT9 
is a vacuolar chloride channel mediating chloride accumulation in the vacuole. The 
chloride currents mediated by AtALMT9 are activated by cytosolic malate at 
physiological concentrations via an increase of the channel open probability. The 
analysis of atalmt9 knock-out plants revealed that those plants exhibited an impaired 
stomatal opening and a decreased wilting in response to drought stress. Our findings 
demonstrate that AtALMT9 is a malate-activated vacuolar chloride channel that is 
involved in the control of stomata aperture. In the subsequent chapter I will present 
studies on the structural organization of ALMT channels using AtALMT9 as a model. 
We combined a large-scale mutagenesis scan of conserved residues with a 
pharmacological approach. This combination allowed us to unravel structural 
information on AtALMT9. We identified two residues linking the first and second 
putative transmembrane α-helices by forming a salt bridge. Furthermore, we took 
advantage of the AtALMT9 “open channel blocker” citrate to identify a stretch of 
amino acids that likely constitute the pore forming domain of this anion channel. 
Moreover, the combination of biophysical and biochemical approaches allowed us to 
demonstrate that AtALMT9 forms an oligomeric complex, probably comprising four 
subunits that contribute to the formation of the channel’s pore. In the third chapter on 
AtALMT9 I investigated the modulation of this channel by cytosolic nucleotides. In 
this chapter I present evidence that AtALMT9-mediated currents are inhibited in a 
voltage dependent manner by cytosolic nucleotides. The modulation of AtALMT9 by 
nucleotides does not require ATP hydrolysis. Cytosolic nucleotides block AtALMT9 
currents by competing with the permeating anion and interacting with the permeation 
pore. Furthermore, I show that permeating anions at the vacuolar side of the channel 
affect the block by cytosolic nucleotides, further indicating an interaction between 
nucleotides and permeable anions within the pore.  Preliminary results on a second 
Arabidopsis ALMT, AtALMT4, are shown in the last result chapter. I demonstrate 
that AtALMT4 is targeted to the vacuolar membrane and is permeable to malate. 
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Furthermore, atalmt4 knock-out mutants exhibited a higher sensitivity to drought 
compared to wild-type plants. These findings suggest that AtALMT4 could mediate 
the efflux of anions from the vacuole being involved in the stomata closure or other 
physiological processes. 
In summary, the research presented in this thesis adds novel insights into the function, 
the structure and the regulation of vacuolar anion channels. These findings contribute 
to gain a broader and more integrated understanding of anion transport across the 
plant cell membranes and the homeostasis of anions in the plant cell. 
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Zusammenfassung 	  
In höheren Pflanzen bilden die, ALumnium-activated Malate Transporter (ALMT) 
eine Anionenkanalfamilie, die an grundlegenden physiologischen Prozessen beteiligt 
ist. Nach einer Einführung in das Gebiet der Anionenkanäle werde ich zuerst Daten 
zur physiologischen Charakterisierung eines Mitglieds dieser Familie aus Arabidopsis 
thaliana, AtALMT9, vorstellen. Wir konnten zeigen, dass AtALMT9 ein Chloridkanal 
ist, welcher die Akkumulation von Chloridionen in die Vakuole ermöglicht. Die durch 
AtALMT9 vermittelten Chloridströme werden durch physiologische Konzentrationen 
von Malat im Cytosol aktiviert, indem die Öffnungswahrscheinlichkeit des Kanals 
zunimmt. Eine Analyse der atalmt9 Mutanten zeigte, dass diese Pflanzen die Stomata 
nicht mehr vollständig öffnen konnten und deshalb auch resistenter gegen 
Trockenstress waren. Diese Resultate belegten, dass AtALMT9 ein malataktivierbarer 
Chloridkanal ist, der bei der Regulation der Stomataöffnung eine wichtige Rolle spielt. 
Im nächsten Kapitel beschreibe ich Versuche zur strukturellen Organisation von 
AtALMT9. Dabei haben wir eine breit angelegte Mutagenese an konservierten 
Aminosäure  dieser Transporterfamilie mit einem pharmakologischen Ansatz 
verbunden. Diese Kombination hat es uns erlaubt, strukturelle Informationen über 
AtALMT9 zu erhalten. Wir haben zwei Aminosäuren in der ersten und zweiten 
mutmasslichen membranspannenden a-Helix identifiziert, die eine Salzbrücke bilden. 
Des Weiteren haben wir  Citrat als einen „open channel blocker“ benutzt, um 
Aminosäuren zu identifizieren, welche die Pore dieses Anionenkanals bilden. Es 
gelang es uns ausserdem mit Hilfe von biophysikalischen und biochemischen 
Methoden  zu zeigen, dass AtALMT9 einen Komplex bildet, der wahrscheinlich aus 
vier gleichen Untereinheiten besteht. Im dritten Kapitel über AtALMT9 habe ich die 
Modulation von AtALMT9 durch Nukleotide untersucht. Hier zeige ich, dass die 
durch AtALMT9 verursachten Ströme durch cytosolische Nukleotide in einer 
spannungsabhängigen Weise gehemmt werden. Diese Modulation ist nicht von der 
ATP-Hydrolyse abhängig, sondern von der Konkurrenz zwischen Anionen und  
cytosolischen Nukleotiden  in der Pore von AtALMT9.  Zudem zeige ich, dass 
Anionen, für die der Kanal durchlässig ist, den Block durch Nukleotide auf der 
vakuolären Seite beeinflussen. Dies ist ein weiteres Indiz dafür, dass permeable 
Anionen und Nukleotide innerhalb der Pore interagieren. Schliesslich stelle ich 
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vorläufige Resultate zu einem weiteren Mitglied der ALMT Familie, AtALMT4, vor. 
Dabei zeige ich, dass AtALMT4 auch in der vakuolären Membran lokalisiert ist und 
für Malat durchlässig ist. Pflanzen, die im AtALMT4 Gen mutiert sind, sind 
empfindlicher gegenüber Trockenheit als die entsprechenden Kontrollpflanzen. Diese 
Beobachtung deutet darauf hin, dass AtALMT4 am Export von Anionen aus der 
Vakuole beteiligt sein könnte und somit zum Stomataschluss beitragen könnte. 
Zusammenfassend hat diese Arbeit neue Einblicke in die Funktion, Struktur und 
Regulation von vakuolären Kanälen gegeben. Dadurch wurde auch ein umfassenderer 
Überblick über die Rolle von Anionenkanälen in Pflanzen gewonnen.  
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1.1 Ion Transport Across Biological Membranes  
 
In all cells the intracellular space is physically separated from the external 
environment by a phospholipidic bilayer, the plasma membrane. The intracellular 
space of eukaryotic cells, the cytoplasm, is organized by compartmentalization. The 
organelles, such as endoplasmic reticulum (ER), the Golgi apparatus, lysosomes, 
vacuoles, mitochondria and chloroplasts, are delimited by intercellular membranes 
(Alberts et al., 2002). Compartmentalization enables separation of metabolic 
pathways but also requires exchange of metabolites and information, which is 
governed by transporters, channels and receptors residing in the corresponding 
membranes and the electrochemical gradients between different compartments.  
Biological membranes are formed by a bilayer of phospholipids in which different 
types of proteins are embedded. The phospholipid bilayer constitutes a hydrophobic 
barrier that prevents the free movement of water-soluble molecules (e.g. ions and 
carbohydrates) between the cytoplasm and the extracellular space. The membrane 
proteins catalyze the selective transport of molecules, perceive and transduce extra- 
and intracellular signals and anchor cells to the extracellular matrix. Hence the 
cellular membranes play multiple roles controlling the exchanges of molecules with 
the extracellular space or between intracellular compartments and perceiving signals 
from the extracellular environment (Hille, 2001).  
Membrane proteins that mediate the transport of solutes across biological membranes 
can be divided in two classes based on thermodynamics: passive transporters and 
active transporters (Gadsby, 2009). Passive transporters permit the fluxes of 
molecules across membranes along their electrochemical gradient and are dissipative 
transport systems. A specific category of passive transporters are ion channels that are 
transmembrane proteins which form selective aqueous pores through which ions 
selectively diffuse. Ion channels allow the diffusion of solutes with a high rate, about 
108 ions per second. In addition of allowing fast permeation ion channels can be 
highly selective for specific ions (like sodium channels, potassium channels; Gouaux 
and MacKinnon, 2005). The selectivity depends on the specific interaction between 
the permeating ionic species and the permeation pore of the channel (Zhou et al., 
2001; Dutzler et al., 2002; Dutzler et al., 2003; Yamashita et al., 2005). Based on their 
selectivity characteristics ion channels are traditionally divided into anion channels 
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and cation channels and further can be grouped into subcategories that reflect their 
specific selectivity. In order to fulfill their biological function, the activity of ion 
channels is tightly regulated by different parameters such as the membrane potential, 
ligands, hormones, light and posttranslational modifications such as protein 
phosphorylation (Hille, 2001). Another passive transport mechanism is known as 
facilitated diffusion and mediated by carrier proteins. This ion flux mechanism 
requires substance binding to the carrier proteins and the subsequent exposure and 
release of the substance to the other side of the cell membrane. Due to the specific 
binding of substances, this transport is highly selective but occurs at a much slower 
rate compared to ion channels. The transport of glucose into red blood cells is 
catalyzed by this type of carrier proteins (Mueckler, 1994). 
Active transporters are transport systems that catalyze the translocation of molecules 
across cellular membranes uphill their electrochemical gradient. The movement of 
molecules uphill the electrochemical gradient requires energy input. Dependent on the 
energy source, active transporters can be classified into primary and secondary active 
transporters (Gadsby, 2009). Primary active transporters can be energized by ATP 
hydrolysis, light and redox reactions that are coupled by the protein to the movement 
of molecules uphill the electrochemical gradient (Lozier et al., 1975; Wikstrom, 2004; 
Palmgren and Nissen, 2011). Primary active transporters that rely on ATP hydrolysis 
are called ATP-powered pumps. ATP-powered pumps are for example H+-ATPase, 
Na+/K+-ATPase and Ca2+-ATPase which transport ions to create electrochemical 
gradients across the cellular membrane (Post et al., 1972; Gaxiola et al., 2007; Di 
Leva et al., 2008). Most members of the ABC (ATP-binding cassette) superfamily are 
ATP-powered pumps, which transport a large variety of substrates, ranging from ions 
to macromolecules like sugars, amino acids, peptides, or even proteins (Kang et al., 
2011). Secondary active transporters use the electrochemical gradient of a chemical 
species as an energy source and couple the downhill flux of this species to the 
movement of a second species uphill its electrochemical gradient. Thus, the activity 
of secondary active transporters is not directly driven by ATP hydrolysis but relies on 
the presence of electrochemical gradients of solutes across cell membranes that are 
generated and maintained by primary transporters. Secondary active transporter can 
be divided into symporters and antiporters. The symporters transport two substrates in 
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the same direction across the membrane, while the antiporters transport the substrates 
in opposite directions (Gadsby, 2009).  
The transport of ions and protons by pumps establishes and maintains a charge 
separation across the cellular membrane. The electrochemical gradient generated 
across membranes by some of these pumps can be used to drive other transport 
systems such as secondary active transporters. In animal cells, secondary active 
transporters are often driven by the Na+ gradients established by the Na+/K+-ATPase, 
which pumps Na+ ions out of and K+ ions into the cells across the plasma membrane 
(Skou and Esmann, 1992; Jorgensen et al., 2003). In higher plant cells, the energy 
exploited by secondary active transporters is generated by the gradient of protons 
across cellular membranes. In the plasma membrane, the plasma membrane H+ -
ATPases (P-type H+ -ATPase) pump protons out of the cell, whereas the vacuolar H+-
ATPases (V-type H+-ATPases) and the H+-pyrophosphatase (H+-PPase) pump protons 
into the lumen of the vacuole (Hedrich et al., 1989; Gaxiola et al., 2007; Duby and 
Boutry, 2009).  
1.2 Anion Channels and Transporters in Plant 
 
In higher plants, there are various transport systems that mediate fluxes of ions across 
cellular membranes. These transport systems, including the anion channels and 
transporters, are reported to be localized in different membranes of plant cells (Figure 
1) e.g. the plasma membrane, tonoplast, endoplasmic reticulum, Golgi, mitochondria 
and chloroplast (Barbier-Brygoo et al., 2011). In plant cells anion channels and 
transporters are involved in a multitude of cellular functions, such as intracellular pH 
regulation, abiotic stress tolerance, stomatal movement, cellular signaling, plant 
nutrition and cell expansion (Roelfsema and Hedrich, 2005; Kim et al., 2010; Barbier-
Brygoo et al., 2011). In this section I will focus on their functions in the control of 
stomatal movement, nutrient uptake and adaptation to the changing root environment.  
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Figure 1. The anion channels and transporters in Arabidopsis thaliana.  
The members of SLAC (SLow Anion Channel-associated) /SLAH (SLAC homologue) family are 
targeted to the plasma membrane. Two ALMT members, AtALMT1 and AtALMT12, have been shown 
to reside in the plasma membrane, while another two (AtALMT6 and AtALMT9) are localized in the 
tonoplast. Two NRTs (Nitrate transporters) (NRT1.1 and NRT 2.1) are present in the plasma 
membrane, whereas NRT2.7 is localized in the tonoplast. AtCLC (Chloride channel) family members 
are located in intracellular membranes: tonoplast (AtCLCa-c and AtCLCg), Golgi (AtCLCd and 
AtCLCf), and thylakoid membranes (AtCLCe). Two other anion transporters, AtABC14 and AttDT, are 
present in the plasma membrane and tonoplast, respectively. (Modified from Barbier-Brygoo et al., 
2011) 
 
1.2.1 The Roles of Anion Channels and Transporters in Stomata 
Stomata are microscopic pores on the surface of the leaves of land plants. Each 
stomatal pore is surrounded by a pair of specialized epidermal cells named guard cell. 
Two types of guard cells can be distinguished. The guard cells of dicots and many 
monocots are kidney shaped with the pore in their center, whereas the guard cells of 
grasses and few other monocots are shaped like dumbbell with bulbous ends. The 
pore is a long slit located between two “handles” of the dumbbells. These dumbbell 
guard cells are associated with special epidermal cells named subsidiary cells which 
help the guard cells to control the aperture of the stomatal pores (Figure 2). Stomata 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  General	  Introduction	  
	   10	  
regulate gas exchange with the atmosphere to optimally balance CO2 entry for 
photosynthesis and water loss, and also participate in temperature regulation 
(MacRobbie, 1998; Hetherington, 2001; Roelfsema and Hedrich, 2005; Vavasseur 
and Raghavendra, 2005; Nilson and Assmann, 2007; Kim et al., 2010). To fulfill 
these tasks, the stomatal aperture is regulated in response to the plant’s needs, 
environmental conditions (light, drought, CO2, relative humidity) (Hetherington, 
2001; Schroeder et al., 2001; Shimazaki et al., 2007), and also to biotic factors like 
pathogens (Gudesblat et al., 2009). The stomatal aperture is regulated by changes in 
turgor pressure and volume of guard cells. During stomatal opening, guard cells take 
up and accumulate osmotically active substances, mainly K+ (Fischer, 1968), and 
depending on species and time of the day Cl-, malate2-, NO3- and other metabolites 
such as sugars (Poffenroth et al., 1992; Talbort and Zeiger, 1998). This process 
decreases the water potential in the guard cells, causing water to move into the cells. 
As water enters the cell, turgor pressure increases, resulting in guard cell swelling. 
Because of the differential thickening of guard cell cell walls, the swelling and 
bending of guard cells results in widening the stomatal pore (Blatt, 2000). The 
opposite process occurs during stomatal closure, a process in which the solutes that 
are accumulated in the vacuole are released in the apoplast (Ward et al., 1995; 
MacRobbie, 1998; Pandey et al., 2007). The consequent loss of osmotic potential of 
the guard cell induces an efflux of water from the cell. This induces a decrease of the 
cell volume and consequently the closure of the stomata. During stomatal opening and 
closure the changes in cell volume are sustained by the vacuole plasticity. The guard 
cell vacuole may occupy 80% - 90% of the total cell in the open state. When the 
stomata is closed the guard cell vacuole fragments in smaller vacuoles that are able to 
fuse to generate bigger vacuoles when the stomata opens again (Gao et al., 2005; Gao 
et al., 2009). Stomata opening requires the movement of large amounts of ions from 
the cytosol to the vacuole via ion channels and transporters in the vacuolar membrane, 
and vice versa to regulate the osmotic potential during the stomata closure process 
(Martinoia et al., 2012).  
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Figure 2. Two types of guard cells.  
 (a) Guard cells of dicots and many monocots have a kidney shape. The inner wall that faces the pore is 
much thicker than the outer wall. (b) Guard cells of grasses are dumpbell-shaped, the center of which is 
narrow and the end is thicker. (Biology, seventh edition. Eldra P. Solomon, Linda R. Berg and Diana 
W. Martin)  
 
The molecular mechanism of stomatal opening through the uptake of osmotically 
active solutes is based on the blue light-activation of the plasma membrane H+-
ATPases that cause a hyperpolarization of the plasma membrane potential (Kinoshita 
and Shimazaki, 1999; Shimazaki et al., 2007). This hyperpolarization activates inward 
rectifying K+ channels (KAT1 and KAT2) (Pilot et al., 2001; Lebaudy et al., 2007; 
Wang and Wu, 2013) that induce the passive influx of K+ from the apoplast. To 
balance the positive charges of K+, also anions including Cl-, NO3- and malate2- (Van 
Kirk and Raschke, 1978; Guo et al., 2003; Lee et al., 2008) need to be actively taken 
up through anion transport systems located in the plasma membrane. Furthermore, 
malate is also synthesized via starch degradation in guard cells to increase the solute 
load (Vavasseur and Raghavendra, 2005). Because of the unfavorable electrochemical 
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gradient across the plasma membrane, anions need to be actively taken up by 
anion/proton symporters (Guo et al., 2003). However, the molecular identity of these 
symporters is still mostly elusive and only one member of NRT family, 
AtNRT1.1/CHL1, has been shown to mediate NO3- uptake during stomatal opening 
(Guo et al., 2003). Furthermore, a member of the ABC transporter family, AtABCB14 
(Figure 1), has been identified as a malate importer in guard cells, facilitating the 
accumulation of malate and stomatal opening (Lee et al., 2008). 
Stomatal closure is induced by drought stress, darkness, elevated CO2, low humidity 
and other factors such as oxidative stress and pathogens (Shimazaki et al., 2007; 
Gudesblat et al., 2009; Kim et al., 2010). Among these, stomatal closure in response 
to the water stress hormone ABA is well studied. When water is scarce ABA is 
released from intracellular stores and is newly synthesized. ABA level can thereby 
increase up to 50 times in leaves (Acharya and Assmann, 2009). In the cytosol ABA 
binds to the ABA receptors (PYR/PYL/RCAR proteins). This binding causes a 
conformational change of ABA receptors that allows the subsequent binding to the 
PP2C-type protein phosphatases (Miyazono et al., 2009; Nishimura et al., 2009; 
Santiago et al., 2009; Yin et al., 2009). This interaction subsequently inactivates the 
activity of the PP2Cs (Ma et al., 2009; Park et al., 2009) that interact with and inhibit 
the SnRK protein kinases, in particular OST1 (open stomata1), in the absence of ABA 
(Yoshida et al., 2006). Therefore, as a result of PP2C recruitment to the ABA-bound 
ABA receptors, SnRK kinases become free to phosphorylate downstream targets, 
amongst which are phosphorylation-activated anion channels at the plasma membrane 
(Geiger et al., 2009; Lee et al., 2009; Imes et al., 2013). ABA also leads to a rise in 
cytosolic free calcium levels that enhance the activity of calcium-dependent protein 
kinases (CPKs). Subsequently, these CPKs also activate anion channels in the plasma 
membrane (Geiger et al., 2010; Geiger et al., 2011). The activation of anion channels 
in the plasma membrane leads to an efflux of anions. The efflux of anions induces a 
depolarization of the membrane potential, which activates outward-rectifying K+ 
channels (GORK in Arabidopsis) that mediate potassium ions efflux (Ache et al., 
2000; Hosy et al., 2003; Kim et al., 2010). The release of solutes from guard cells 
reduces their turgor pressure and volume, and finally induces the closure of stomata 
pore (Pandey et al., 2007; Kim et al., 2010).  
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In the plasma membrane of guard cells, two types of anion currents have been 
identified and were suggested to be involved in the efflux of anions during stomatal 
closure (Schroeder and Hagiwara, 1989; Hedrich et al., 1990; Linder and Raschke, 
1992; Schroeder and Keller, 1992). These two types of currents were named Rapid 
type (R-type) and Slow type (S-type) according to their different kinetics of activation 
and deactivation (Figure 3) (Roelfsema et al., 2012). The gating of R-type anion 
channels is accommodated by the membrane potentials within the range of 
milliseconds (Kolb et al., 1995) and the current-voltage characteristic (I-V) presents a 
typical bell shape behavior with a steep voltage dependence at negative potentials. 
Differently, the S-type anion channels exhibit a slow activation kinetic within the 
range of 10 seconds (Linder and Raschke, 1992) and weak voltage dependence. 
Recently, genes coding for channels that mediate these two types of anion currents 
have been identified: SLAC1 (SLow Anion Channel-associated 1) was the first 
member coding for a channel mediating the S-type anion currents (Negi et al., 2008; 
Vahisalu et al., 2008). AtALMT12 encodes for one of the channel mediating the R-
type anion currents (Meyer et al., 2010b). Both types of anion channel are involved in 
crucial steps leading to stomatal closure.  
 
 
Figure 3. Current-voltage relationships of (a) S-type and (b) R-type anion channels in Vicia faba guard 
cell protoplasts in the absence and presence of ABA. The activities of these two types of anion 
channels are stimulated by the presence of ABA. The S-type anion channel presents a nearly linear 
current-voltage relationship, whereas the R-type anion channel shows a strong deactivation at 
membrane potential more negative than -100 mV (Roelfsema et al., 2012). 
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1.2.2 The Roles of Anion Channels and Transporters in the Roots  
 
Roots anchor the plant in the soil, facilitate water and nutrient absorption but also take 
over the function as a storage tissue in many plants. Furthermore, plant roots can 
release a wide variety of biological compounds to counteract nutrient limitation, 
detoxify heavy metals and prevent the threat of attack from pathogens (Bais et al., 
2006; Badri et al., 2009). Thus, roots participate to the plant adaptation by actively 
modifying their surrounding environment. Anion channels and transporters in plant 
roots exhibit an important role in these processes. Therefore, anion channels and 
transporters in roots have attracted much interest and have been investigated for many 
years. Here I will present two of their major physiological functions: i) uptake of 
mineral nutrients such as Cl- and NO3-; ii) extrusion of organic anions to improve 
plant nutrition (Tomasi et al., 2009), or to chelate heavy metals to protect plants 
against heavy metal toxicity.  
Most plant mineral nutrients such as large part of nitrogen, phosphorus, sulfur and 
chloride are present as inorganic anions in the soil. The plants take up these anions 
from the soil solution and transport part of these absorbed nutrients to the xylem 
vessels for subsequent translocation to the shoot. To reach the xylem vessels, these 
anions can move via two pathways: the symplastic or the apoplastic pathway (Moon 
et al., 1986; Steudle, 2000). The symplast is the continuum of cytoplasm, which is 
connected by plasmodesmata. Anions present in the soil can cross the plasma 
membrane of root epidermal cells to enter the symplast and travel to the site of release 
to the xylem vessels without being excreted to the apoplast. In the apoplastic pathway, 
anions that have been taken up into the root apoplast travel freely along the cell wall 
compartment through the root cortex until they meet the Casparian strip which is a 
band of specially modified endodermic cell walls that effectively prevents the entry of 
water and solutes into the stele via the apoplast (Nagahashi et al., 1974; Moon et al., 
1986; Peterson, 1987; Chen et al., 2011). To further enter into the interior of the roots, 
these anions have to cross at least the plasma membranes of the endodermal cells and 
therefore need anion channel and transporter systems. In most soils, the 
concentrations of anions such as Cl- and NO3- are lower than in the plant cell cytosol 
(Smith et al., 2000; Miller et al., 2007). Together with the highly negative membrane 
potential in the plasma membrane (Sze et al., 1999; Palmgren, 2001) these are 
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unfavorable conditions for anion uptake. Therefore anion transporters exploit the 
proton gradient across the plasma membrane to actively transport anions into root 
cells (Smith et al., 2000). Uptake systems for HPO42-, SO42- and NO3- have been 
described in detail and evidence shows that these anions are taken up via specific 
proton symporters in plants (Rausch and Bucher, 2002; Buchner et al., 2004; Miller et 
al., 2007). Nitrate uptake, for instance, in the roots includes two types of nitrate 
transporters, NRT1 and NRT2 (Figure 1), that are denoted as low-affinity and high-
affinity nitrate transporters, respectively. In Arabidopsis, the NRT1 family comprises 
53 members and the first and most extensively studied one is AtNRT1.1/CHL1 (Tsay 
et al., 1993). AtNRT1.1/CHL1 was found to function as a nitrate transporter, but also 
as a NO3- sensor (Ho et al., 2009). Interestingly, AtNRT1.1 functions as a dual-
affinity nitrate transporter that can be switched from the low affinity mode to the high 
affinity mode by phosphorylation (Liu and Tsay, 2003). The properties of dual-
affinity transport and a phosphorylation switch between two modes allow the plasma 
membrane targeted AtNRT1.1 to sense a wide range of nitrate concentrations in the 
soil and to regulate the expression of nitrate-related genes (Ho et al., 2009). In 
contrast to the NRT1 family in Arabidopsis, all seven members of the NRT2 family 
are suggested to encode only high affinity nitrate transporters (Miller et al., 2007; 
Tsay et al., 2007). Three nitrate transporters (AtNRT1.1, AtNRT2.1 and AtNRT2.2) 
are proposed to facilitate high affinity nitrate transport. However, AtNRT2.1 is 
believed to predominantly contribute to this process (Li et al., 2007). Moreover, 
AtNRT2.1 has to work with AtNAR2.1 to constitute a two-component nitrate high-
affinity transport system that is essential for high affinity nitrate uptake in 
Arabidopsis roots (Okamoto et al., 2006; Orsel et al., 2006).  
Organic anions are released into the soil when plants face environmental stresses such 
as nutrient deficiency (particularly phosphorus) or toxic cations (like Al3+) (Ma, 2000; 
Ryan et al., 2001). Organic anions can increase P (phosphorus) availability by 
acidifying the rhizosphere to replenish the pool of soluble P or by replacing inorganic 
P from insoluble complexes (Ryan et al., 2001; Vance et al., 2003). In addition, 
organic anions also stimulate microbial activity in the rhizoshere, which could 
influence the bio-availability of other nutrients (Ryan et al., 2001). When aluminum is 
present in the toxic form Al3+ in acidic soils, the release of organic anions protect the 
root by chelating and forming non-toxic complexes with Al3+ in the rhizosphere (Ma, 
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2000). So far, exporters for two major organic anions, malate and citrate, have been 
identified. The excretion of malate at the plasma membrane is catalyzed by ALMT 
channels in the root, which are activated in response to Al3+ (Sasaki et al., 2004; 
Hoekenga et al., 2006; more detail below/ section 1.3.4). Citrate, on the other hand, is 
excreted by members of the MATE (Multidrug And Toxic compound Extrusion) 
transporters. The first two Al-activated citrate transport genes were identified in 
sorghum (Sorghum bicolor) and barley (Horderm vulgare L.) in 2007 (Furukawa et 
al., 2007; Magalhaes et al., 2007). Both proteins are localized in the plasma 
membrane and their citrate secretion activity is stimulated by aluminum (Furukawa et 
al., 2007; Magalhaes et al., 2007). In Arabidopsis, the MATE family consists of 56 
members that are located in different membranes (plasma membrane, tonoplast, 
chloroplast membrane) (Meyer et al., 2010a). Amongst them, AtMATE/AtDTX42 has 
been identified to be primarily expressed in roots and to modulate the excretion of 
citrate into the soil in responds to the exposure to Al3+ (Liu et al., 2009). Furthermore, 
an AtDTX42 homologue, AtFDR3, excretes citrate into the xylem and is required for 
long-distance iron transport (Rogers et al., 2002; Green and Rogers, 2004; Durrett et 
al., 2007; Roschzttardtz et al., 2011).  
Because anion channels and transporters exhibit a crucial role for plant, the 
elucidation of their molecular identity has been subject of intense research. Several 
gene families of anion channels and transporters have been identified and 
characterized (Ward et al., 2009; Barbier-Brygoo et al., 2011; Hedrich, 2012; 
Martinoia et al., 2012). In the next sections, I will present an overview of the anion 
channel/transporter families of the CLCs (ChLoride Channel), SLACs (SLow Anion 
Channel-Associated) and AttDT (Arabidopsis thaliana tonoplast Dicarboxylate 
Transporter) briefly. Subsequently, I will describe the current knowledge about the 
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1.3 The Plant Cell Anion Channel and Transporter Gene 
Families  
 
1.3.1 The CLC Family 
 
The CLC family is ubiquitously expressed in all living organisms, from bacteria to 
plants and animals, including humans (Jentsch, 2008). Regarding the name of this 
family, the CLC proteins were originally found to function as Cl- channels. Later, 
several studies revealed that some CLC proteins act as electrogenic anion/proton 
exchangers (Accardi and Miller, 2004; Picollo and Pusch, 2005; Scheel et al., 2005; 
De Angeli et al., 2006; Graves et al., 2008; von der Fecht-Bartenbach et al., 2010). In 
Arabidopsis thaliana seven members of the CLC family have been identified 
(AtCLCa-AtCLCg; De Angeli et al., 2009a; Barbier-Brygoo et al., 2011) and, so far, 
the most thoroughly characterized one is AtCLCa (De Angeli et al., 2006; Bergsdorf 
et al., 2009; De Angeli et al., 2009b). 
The first study on AtCLCa showed that the disruption of AtCLCa resulted in an 
approximately 50% reduction of nitrate content compared with wild-type plants 
(Geelen et al., 2000). Further investigations conducted by De Angeli and coworkers 
revealed that AtCLCa is localized in the tonoplast and acts as a proton/nitrate 
antiporter (De Angeli et al., 2006). AtCLCa transports two nitrate molecules into the 
vacuole by releasing one proton into the cytosol. The antiporter behavior of AtCLCa 
is determined by two residues: the “gating glutamate” E203 and the “proton glutamate” 
E207 (Bergsdorf et al., 2009), which are also found in other CLC antiporters like 
CLC-ec1 in Escherichia coli and CLC-5 in human (Accardi et al., 2005; Zdebik et al., 
2008). The mutation of the “gating glutamate” E203 of AtCLCa into an uncharged 
amino acid alanine abolishes the coupling between NO3- and proton, converting 
AtCLCa from an antiporter to a channel (Bergsdorf et al., 2009). The mutation of the 
“proton glutamate” position, E270A, induces a loss of transport function, whereas the 
double mutation, E203A/E270A, results in a proton uncoupled anion transport 
activity similar to what of the single mutation E203A (Bergsdorf et al., 2009). 
Combining these findings with the studies of CLC-ec1 and CLC-5 (Accardi et al., 
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2005; Zdebik et al., 2008), the roles of “gating glutamate” and “proton glutamate” for 
CLC antiporters appear to be conserved.  
Despite sharing the same transport mechanism (a ratio of 2 transported anions 
coupled to 1 transported proton), the nitrate specificity of AtCLCa is unique compared 
to other CLC antiporters (e.g. CLC-ec1 and CLC-5) which function as chloride 
transporter rather than nitrate transporter (Accardi and Miller, 2004; Zifarelli and 
Pusch, 2009). The ability of AtCLCa to transport nitrate is determined by a proline 
residue (P160). When P160 is mutated into a serine, AtCLCa loses its selectivity for 
nitrate over chloride but still presents the coupling to protons (Bergsdorf et al., 2009; 
Wege et al., 2010). Accordingly, in contrast to wild-type AtCLCa, the introduction of 
a serine in this position (AtCLCa P160S) fails to rescue reduced nitrate accumulation in 
clca knock-out mutants (Wege et al., 2010). 
The fact that AtCLCa is a anion/proton antipoter rather than an anion channel in the 
tonoplast provides even stronger support for its physiological function of driving NO3- 
accumulation into the vacuole. The activity of AtCLCa was found to be regulated by 
intracellular nucleotides. De Angeli and coworkers demonstrated that cytosolic ATP 
reversibly inhibited the transport activity of AtCLCa, whereas AMP and ADP did not 
(De Angeli et al., 2009b). Competition experiments in this study showed that AMP 
(but not ADP) competed with ATP at the AtCLCa binding site to prevent ATP 
inhibition (De Angeli et al., 2009b). The competition between ATP and AMP appears 
at the position of D753 in the CBS (cystathionine beta synthase) domain (De Angeli 
et al., 2009b). Although the physiological relevance of this ATP regulating process is 
still not clear, the correlation between ATP/AMP ratio and the H+-ATPase activity 
may imply that the vacuolar H+-ATPase could modulate the activity of AtCLCa to 
regulate the accumulation of nitrate in the plant cell vacuoles. 
Apart from AtCLCa, all other Arabidopsis thaliana CLCs are also localized in 
intracellular membranes (AtCLCa-c and g in the tonoplast, AtCLCe in the chloroplast, 
AtCLCd and f in Golgi apparatus; Lv et al., 2009) but have different cellular functions 
(Barbier-Brygoo et al., 2011). Like AtCLCa, AtCLCb is targeted to the vacuolar 
membrane and functions as an anion/H+ exchanger. However, the exact coupling ratio 
between NO3- and H+ has to be determined (Von der Fecht-Bartenbach et al., 2010). 
In contrast to AtCLCa, the deletion of AtCLCb function did not result in a reduced 
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chloride or nitrate content. Another tonoplast targeted CLC is AtCLCc which was 
shown to be involved in the regulation of nitrate levels in planta (Harada et al., 2004). 
However, further studies conducted by Jossier et al. (2010) revealed that AtCLCc is 
strongly expressed in guard cells and weakly in the root, playing a role in stomatal 
movement regulation and salt stress tolerance. These findings indicate that Cl- may be 
its principal substrate (Jossier et al., 2010). Since electrophysiological data are lacking, 
the selectivity of AtCLCc and its characteristic as being either a channel or a 
transporter is still unknown.  
By contrast to the tonoplast localized CLCs, the physiological characterization of 
AtCLCs localized to other intracellular membranes is still preliminary. The 
chloroplast targeted AtCLCe was shown to exhibit an interconnected contribution 
with AtCLCa to regulate nitrate homeostasis in two different endocellular membranes 
(Monachello et al., 2009). AtCLCd co-localizes with V-type ATPases in the trans-
Golgi network (TGN) and may have a function in the acidification of the TGN 
(Gaxiola et al., 1998; Von der Fecht-Bartervach et al., 2007). As for another Golgi 
membrane targeted CLC, AtCLCf, the physiological function in the plant cells 
remains to be explored (Marmagne et al., 2007). Furthermore, the transport activity of 
these intracellular compartment-localized AtCLCs has not been characterized, likely 
because their specific subcellular localization makes it difficult to find a proper 
expression system for direct studies. 
 
1.3.2 The SLAC Family 
 
As mentioned previously, two types of anion currents (S- and R-type) have been 
identified to co-exist in the plasma membrane of the guard cells (Schroeder and 
Hagiwara, 1989; Hedrich et al., 1990; Linder and Raschke, 1992; Schroeder and 
Keller, 1992). The S-type anion channels are encoded by a small gene family 
comprised of SLAC1 and four SLAC1-homologos (SLAHs) in Arabidopsis (Negi et 
al., 2008; Vahisalu et al., 2008). The first gene identified and characterized from this 
family is SLAC1 that plays a role in stomatal closure induced by different stimuli like 
CO2, ABA, O3, darkness, humidity change, Ca2+, H2O2, or NO (Negi et al., 2008; 
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Vahisalu et al., 2008). Very recently, the SLAC1 protein was also reported to be 
involved in the stomatal opening process by affecting the activity of K+ uptake 
channels (Wang et al., 2012; Laanemets et al., 2013). In addition to SLAC1, SLAH3 
is also localized in the plasma membrane of guard cells and, together with SLAC1, 
catalyze the release of chloride and nitrate to regulate the stomatal closure in response 
to drought stress (Geiger et al., 2011). Electrophysiological studies of SLAC1/SLAH3 
in the Xenopus oocyte proved that the channel activity of SLAC1/SLAH3 are 
activated by phosphorylation by the Ca2+ -independent protein kinase OST1 (Geiger 
et al., 2009; Lee et al., 2009), as well as the Ca2+ -dependent protein kinases CPKs 
(Geiger et al., 2010; Geiger et al., 2011; Brandt et al., 2012; Demir et al., 2013). 
These protein kinases interact with the N-terminal domain of SLAC1/SLAH3 to 
regulate channel activity (Geiger et al., 2010; Geiger et al., 2011; Brandt et al., 2012). 
The protein phosphorylation process of SLAC1/SLAH3 is suppressed by the presence 
of PP2C-type phosphatases like ABI, ABI2 and PP2CA (Geiger et al., 2009; Lee et al., 
2009; Geiger et al., 2011; Demir et al., 2013). Together with the identification of the 
RCAR1/PYR/PYL ABA receptor family which controls the activity of PP2C protein 
phosphatases when interacting with ABA (Ma et al., 2009; Park et al., 2009), the 
mechanism of SLAC1/SLAH3 in regulating ABA-induced stomata closure is now 
well established. ABA stimulates the activity of SLAC1/SLAH3 to induce the efflux 
of chloride and nitrate, causing depolarization of the plasma membrane. This 
membrane depolarization activates the activity of outward K+ channels, leading to the 
efflux of K+. The release of solutes from guard cells reduces their turgor pressure and 
consequently causes stomatal closure. 
In 2010, Chen and coworkers determined the crystal structure of the SLAC1 bacterial 
homolog TehA (Chen et al., 2010). Based on this three-dimensional structure, the 
putative structural model of SLAC1 was developed. In this model, SLAC1 is a 
symmetrical trimer, each subunit having ten transmembrane helices and five central 
transmembrane helices forming a pore (Chen et al., 2010). A phenylalanine residue in 
TM9 (transmembrane helix 9) of SLAC1, Phe450, which is strictly conserved in the 
SLAC1 family, is predicted to play a crucial role in gating the SLAC1 anion channel 
via occluding the anion permeation pathway (Chen et al., 2010). Replacing this 
Phe450 residue by alanine rendered SLAC1 anion permeability even in the absence of 
the activating protein kinase OST1 (Chen et al., 2010). Thereby, it is tempting to 
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speculate that the activation of SLAC1 by OST1 is due to the positional change of 
Phe450 in the SLAC1 channel pore (Hedrich, 2012). 
 
1.3.3 AttDT, a Tonoplast Dicarboxylate Transporter 
 
Malate is an important plant metabolite, playing a central role in plant metabolism. It 
is an intermediate of the Krebs cycle (Martinoia and Rentsch, 1994; Fernie et al., 
2004) and acts as carbon storage in CAM and C4 plants (Matinoia and Rentsch, 1994; 
Fernie and Martinoia, 2009). Malate is accumulated in the vacuole as a solute to 
maintain cellular turgor and regulate intracellular pH (Mathieu et al., 1986; Meyer et 
al., 2010a). Malate concentrations in the vacuole exhibit diurnal fluctuations in CAM 
and C4 plants and can reach up to 350 mM (Matinoia and Rentsch, 1994). The 
accumulation of malate in the vacuole is a complex process and so far, two different 
malate transport system have been identified in the vacuolar membrane: a malate 
transporter and malate channels (Emmerlich et al., 2003; Hafke et al., 2003; 
Kovermann et al., 2007; Meyer et al., 2011).  
AttDT is the first and so far the only vacuolar malate transporter identified at the 
molecular level (Emmerlich et al., 2003). In Arabidopsis, AttDT is the only homolog 
of HsNaDC-1, the human sodium dependent dicarboxylate transporter that is targeted 
to the plasma membrane and energized by sodium (Markovich and Murer, 2004). In 
contrast to HsNaDC-1, AttDT is localized in the tonoplast (Figure 4) and its activity is 
independent of sodium. It is suggested that this transporter is driven by the difference 
of membrane potential between cytosol and vacuole (Meyer et al., 2010a). However, 
the exact transport mechanism remains elusive. Furthermore, physiological results 
indicate that this transporter acts as both vacuolar importer and exporter (Huth et al., 
2005). Deletion of AttDT function does not result in any visible phenotype, but 
strongly reduces the vacuolar malate transport activity, causing lower malate contents 
in leaves (Emmerlich et al., 2003) and a higher respiratory coefficient (Huth et al., 
2005). This indicates that loss of AttDT-mediated malate transport into the vacuole 
results in a higher cytosolic malate consumption, which is required to keep a constant 
cytosolic malate level. Furthermore, the fact that AttDT mutant plants are more 
sensitive to cytosolic acidification (Huth et al., 2005) indicates that the accumulation 
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of malate and fumarate in the vacuoles by AttDT is crucial for the cytosolic pH 
regulation in Arabidopsis.  
There was a long-lasting discussion whether vacuolar malate transport observed by 
flux analysis and electrophysiology reflected the activity of the same protein 
(Martinoia et al., 1985; Cheffings et al., 1997; Hafke et al., 2003). The identification 
of AttDT allowed addressing this question. Using AttDT mutants it has been shown 
that malate currents were not affected, while uptake of radioactively labeled malate at 
low concentrations (0.2 to 1 mM) was reduced by more than 80% (Huth et al., 2005). 
This observation also indicates that a malate transporter (AttDT) and malate channels 
are present in the tonoplast and exhibit different affinities for malate. These malate 
channels have been identified to be encoded by ALMTs, an anon channel family that I 
will describe more details in the next section. 
 
Figure 4. The subcellular localization of AttDT-GFP fusion protein in tobacco protoplasts (a). White 
arrows indicate areas of highest green fluorescence; black arrows highlight the position of single 
vacuoles exhibiting green fluorescence (From Emmerlich et al., 2003). (b) Transiently transformed 
Arabidopsis protoplasts (own result). The red signal indicates the auto fluorescence of chloroplast and 
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1.3.4 The ALMT Family 
 
In addition to being an important plant metabolite as mentioned previously, malate is 
also capable of chelating divalent and trivalent cations when present in neutral and 
slightly acid soil (pKa1=3.5, pKa2=5.1) due to the two deprotonated carboxyl groups 
(Ryan et al., 2001; Meyer et al., 2010a). Thus the exudation of malate into the soil by 
roots facilitates the detoxification of heavy metal ions such as Al3+ (Ma, 2000; Ryan 
et al., 2001). In the past decade, the protein families contributing to malate excretion 
into the soil and vacuole have been identified and characterized. One of these families 
is the ALMT family. The name of this family is based on the first member which was 
identified to be involved in aluminum resistance and activated by aluminum (Sasaki 
et al., 2004). ALMTs are anion channels formed by membrane proteins exclusive to 
plants. In Arabidopsis thaliana the ALMT family consists of 14 members that based 
on sequence homology can be grouped into three clades (Figure 5, Kovermann et al., 
2007).  Besides contributing to aluminum tolerance, ALMT proteins have also been 
found to be implicated in other functions such as loading anions in the vacuole 
(Kovermann et al. 2007; Meyer et al., 2011) and mediating efflux of anions across the 
plasma membrane to regulate stomatal movement (Meyer et al., 2010b).  
 
Figure 5. Dendogram analysis of the ALMT protein family.  
The Arabidopsis ALMT family consists of 14 members that can be divided into three clades based on 
the amino acid sequence similarity. TaALMT1 (Triticum aestivum) and AtALMT1, both of which are 
localized in the plasma membrane, share the same clade. (Kovermann et al., 2007) 
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1.3.4.1 The Plasma Membrane ALMTs 
 
ALMT1 for Aluminum Tolerance 
 
In 1993, Delhaize and coworkers showed that wheat (Triticum aestivum) roots 
extrude malate and that the release of malate is activated by the presence of Al3+ 
(Delhaize et al., 1993a, 1993b). Subsequently, electrophysiological studies conducted 
on protoplasts isolated from root tips of wheat and maize plants revealed the presence 
of anion permeable channel(s) located in the plasma membrane which is/are 
specifically activated by extracellular Al3+ (Ryan et al., 1997; Kollmeier et al., 2001; 
Pineros and Kochian, 2001; Zhang et al., 2001; Pineros et al., 2002). The molecular 
identity of the wheat representative responsible for this current, TaALMT1, was 
unveiled subsequently (Sasaki et al., 2004). This study showed that i) the expression 
level of TaALMT1 in the root apices was higher in Al-tolerant lines compared to the 
Al-sensitive lines and ii) when heterologously expressed in Xenopus oocyte, rice or 
tobacco cells, TaALMT1 could mediate an Al3+-activated malate efflux current. 
Subsequent studies showed that overexpressing TaALMT1 in transgenic barley 
(Hordeum vulgare) increased its tolerance to Al3+ toxicity (Delhaize et al., 2004). By 
using a green fluorescent protein (GFP) fusion protein, it was shown that TaALMT1 
localized to the plasma membrane (Yamaguchi et al., 2005). These results 
demonstrated that TaALMT1 encodes a plasma membrane localized anion channel 
mediating malate efflux from root cells to the soil. Extracellular Al3+ stimulates the 
activity of TaALMT1 and enhances the efflux rate of malate which is essential for 
wheat to cope with Al3+ toxicity. Additionally, although exhibits a higher affinity for 
malate, TaALMT1 is also permeable to other physiologically relevant anions such as 
NO3-, Cl- and SO42- (Pineros et al., 2008). The activity of TaALMT1 is regulated not 
only by extracellular Al3+ but also by protein phosphorylation/dephosphorylation of 
serine (S384) (Ligaba et al., 2009). 
In other species homologous genes to TaALMT1 such as AtALMT1 in Arabidopsis and 
BnALMT1, BnALMT2 in Brassica napus have been identified to encode plasma 
membrane localized malate channels exhibiting similar functions in aluminum 
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toxicity tolerance (Hoekenga et al., 2006; Ligaba et al., 2006; Kobayashi et al., 2007). 
In contrast, ZmALMT1, the homolog of TaALMT1 in maize (Zea mays), has been 
shown to encode a plasma membrane anion channel with different properties (Pineros 
et al., 2008). The activity of ZmALMT1 is not regulated by extracellular Al3+ and 
ZmALMT1 is more permeable to inorganic anions such as Cl- and NO3- than to 
organic anions like malate (Pineros et al., 2008). According to these properties, 
ZmALMT1 is thought to selectively transport inorganic anions involved in mineral 
nutrition and ion homeostasis, rather than being involved in aluminum detoxification. 
Interestingly, ALMT1-type anion channels are not permeable for citrate, which is 
another major organic anion involved in aluminum detoxification (Magalhaes et al., 
2007; Liu et al., 2009).  
 
AtALMT12, a Rapid Type (R-Type) Anion Channel in Guard Cells Required for 
Stomatal Movement 
 
A large number of studies performed over several decades revealed the existence of 
two types of anion channels, S-types and R-types, which co-exist in the plasma 
membrane of guard cells (Schroeder and Keller, 1992; Dietrich and Hedrich, 1994). 
The gating of R-type anion channels is accommodated to the membrane potentials 
within the range of milliseconds (Kolb et al., 1995) and exhibits a bell shaped current-
voltage relationship with a steep voltage dependence (Figure 3). The current-voltage 
relationship shows that the R-type channels close at negative membrane potentials 
while a depolarization elicits R-type channel opening. In Arabidopsis hypocotyl and 
guard cells the R-type channel was shown to be regulated by intracellular nucleotides 
and external anion concentrations (SchulzLessdorf et al., 1996; Thomine et al., 1997; 
Colcombet et al., 2001). Moreover, it was proposed that intracellular nucleotides 
constitute a “voltage dependent gate” of the R-type channel acting like open channel 
blockers (Colcombet et al., 2001). This gating mechanism is similar to what is 
observed in KIR (potassium inward rectifier) channels from animals which are gated 
by Mg2+ and polyamines (Lopatin et al., 1994; Lu, 2004). Although the first report 
about these channels was published more than 20 years ago (Schroeder and Keller, 
1992), the molecular identify of the first R-type anion channel, AtALMT12 (also 
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named QUAC1 in some studies), was discovered only in 2010 (Meyer et al., 2010b). 
AtALMT12 is a member of the ALMT family in Arabidopsis and belongs to clade III 
(Figure 5) (Kovermann et al., 2007). AtALMT12 is expressed more than fifty times 
stronger in guard cells than in the mesophyll of Arabidopsis and is localized at the 
plasma membrane (http://labs.biology.ucsd.edu/schroeder/guardcellchips.html; Meyer 
et al., 2010b). T-DNA insertion mutants of AtALMT12 are impaired in stomatal 
closure in response to darkness, CO2, ABA and calcium (Meyer et al., 2010b; Sasaki 
et al., 2010). Electrophysiological studies showed that in presence of malate in the 
apoplastic-side buffer, the patches performed on guard cell protoplasts isolated from 
AtALMT12 knock-out mutants exhibited a 40% reduction of the R-type anion current 
compared to those isolated from the corresponding wild-type (Figure 6a) (Meyer et al., 
2010b). This indicates that AtALMT12 is part of the R-type anion channels in the 
guard cell plasma membrane. When heterologously expressed in Xenopus oocytes in 
presence of malate in the extracellular solution AtALMT12-mediated currents display 
properties reminiscent of the R-type anion channel and its activity is regulated by 
extracellular malate (Meyer et al., 2010b).  However, in the absence of malate in the 
extracellular solution AtALMT12 mediated only outward currents of inorganic anion 
such as Cl- and NO3- (Sasaki et al., 2010). Moreover, the results of Meyer et al. 
(2010b) demonstrate that AtALMT12 is part of the plasma membrane R-type anion 
channels mediating anion efflux from the guard cells during stomatal closure. As 
ZmALMT1 but in contrast to AtALMT1 and TaALMT1, AtALMT12 mediated malate 
currents are not induced by Al3+ (Sasaki et al., 2004; Hoekenga et al., 2006; Pineros et 
al., 2008; Meyer et al., 2010b).  
As the S-type anion channels, AtALMT12 is also regulated by protein 
phosphorylation (Geiger et al., 2009; Lee et al., 2009). Recently, Imes and coworkers 
(2013) showed that AtALMT12 is activated by ABA. This ABA activation is less 
pronounced in abi1-1 and ost1-2 mutants. Considering that OST1 kinase and the 
protein phosphatase ABI1 are two key components of the ABA signaling pathway, 
the activity of AtALMT12 was suggested to be regulated by a 
phosphorylation/dephosphorylation process. Furthermore, a bimolecular fluorescence 
complementation (BiFC) assay confirmed that OST1 and AtALMT12 exhibit a direct 
protein-protein interaction and that the AtALMT12 mediated current was activated by 
OST1 when they were heterologously coexpressed in Xenopus oocytes (Figure 6b) 
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(Imes et al., 2013). This protein-protein interaction results in the OST1-mediated 
phosphorylation of AtALMT12 and activation of AtALMT12. Moreover, the deletion 
of the function of OST1 results in even stronger impairment of stomatal closure 
phenotypes (Mustilli et al., 2002) than that of the slac1 or atalmt12 mutant. This can 
be explained by the fact that OST1 interacts with and regulates both S- and R-type 
anion channels in guard cells (Geiger et al., 2009; Lee et al., 2009; Imes et al., 2013) 
(Figure 6b). 
 
Figure 6. Voltage dependent activation of R-type currents and the model of AtALMT12 regulation.  
(a) The R-type current density of guard cell protoplasts from WT (black) and AtALMT12 knock out 
plants (red). The current response elicited upon a voltage ramp from +70 to -180 mV, holding potential 
was set to -180 mV (From Meyer et al., 2010b). (b) Regulation of AtALMT12/QUAC1 by ABA 
signaling pathway components. RABA is the ABA receptor (From Imes et al., 2013). 
 
1.3.4.2 The Vacuolar Membrane ALMTs: AtALMT6 and AtALMT9 
The first characterized tonoplast targeted ALMT protein is AtALMT9 which belongs 
to clade II (Figure 5, Kovermann et al. 2007). The AtALMT9 gene is expressed in all 
organs, however in leaves its cell-type specific expression is detected nearly 
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exclusively in mesophyll and guard cells (Kovermann et al. 2007). Patch-clamp 
studies on vacuoles isolated from protoplast extracted from T-DNA insertion lines 
showed reduced vacuolar malate channel activity. Furthermore, electrophysiological 
studies using tobacco cells or Xenopus oocytes that heterologously over-expressed 
AtALMT9 showed that the channel is conductive for malate and fumatate. These 
characterizations indicate that AtALMT9 may play a role in loading dicarboxylate 
into the vacuole. However, in this first study the T-DNA insertion mutants of 
AtALMT9 did not present any visible phenotype (Kovermann et al., 2007). As will be 
presented in the result part of this thesis (result chapter I), the function of AtALMT9 
goes beyond malate transport in mesophyll vacuoles.  
Subsequently, a second vacuolar targeted ALMT of clade II (Figure 5), AtALMT6, 
was characterized (Meyer et al., 2011). AtALMT6 is predominantly expressed in guard 
cells and flower tissues in Arabidopsis. Patch-clamp studies with vacuoles isolated 
from AtALMT6 over-expressing Arabidopsis plants exhibited inward-rectifying 
currents that demonstrate the influx of malate and fumarate from cytosol into the 
vacuole (Meyer et al., 2011). Moreover, AtALMT6 is regulated by different factors. 
Firstly, Arabidopsis plants overexpressing AtALMT6 revealed large malate currents 
only in the presence of micromolar calcium on the cytosolic side solution. Secondly, 
the threshold activation of AtALMT6 is regulated by vacuolar pH and cytosolic 
malate. Lowering the cytosolic malate concentrations shifts the activation threshold of 
inward currents to more negative voltage, while lowering the vacuolar pH shifts it to 
positive and induce higher outward currents (Meyer et al., 2011). The co-modulation 
of these two parameters possibly determines the functions of AtALMT6 as a malate 
influx or efflux channel. Although AtALMT6 has been identified to be expressed in 
the guard cells and malate currents of guard cell vacuoles isolated from atalmt6 
knock-out plants were reduced compared to those of wild-type plants, atalmt6 knock-
out plants did not show any stomatal phenotype under standard growth conditions 
(Meyer et al., 2011). This can be explained either by functional redundancy of 
vacuolar ALMTs in guard cell vacuoles or by a possible specific function of 
AtALMT6, which would allow observing a phenotype only under conditions which 
have not been tested so far.  
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1.3.4.3 The Structure of ALMTs 
Many members of the ALMT family have been well characterized with respect to 
their physiological functions, subcellular localization, substrate selectivity and the 
channel activity regulation. However, very limited information is available about the 
structure and the structure-function relationship of ALMTs except for the description 
of an important phosphorylation site (Ligaba et al., 2009; Furuichi et al., 2010) and 
studies on the topology (Motoda et al., 2007; Dreyer et al., 2012).  
In 2009, Ligaba and coworkers reported that when TaALMT1 was heterologously 
expressed in the Xenopus oocytes system, the application of protein kinase and 
phosphatase inhibitors strongly inhibited both basal and Al3+ activated malate currents, 
whereas the malate currents were enhanced by the presence of the protein kinase C 
activator PMA (phorbol 12-myristate 13-acetate) (Ligaba et al., 2009). These findings 
indicate that the TaALMT1 transport activity is modulated by protein 
phosphorylation/dephosphorylation process. Site-directed mutagenesis was conducted 
and revealed a key residue serine (S384) which is involved in regulating TaALMT1 
transport activity via direct protein phosphorylation (Ligaba et al., 2009). 
Subsequently, another study investigated the mechanism of Al3+ activation (Furuichi 
et al., 2010). Three mutations in the C-terminal domain (E274Q, D275N and E284Q) 
abolished the Al3+ activation but kept the basal transport activity of TaALMT1 
(Furuichi et al., 2010). Deletion of the C-terminal domain resulted in a non-functional 
TaALMT1, whereby the transport activity can be rescued by fusing the N-terminal 
region of TaALMT1 and the C-terminal region of AtALMT1 (Furuichi et al., 2010). 
This study demonstrated that the C-terminal domain is required to keep both basal and 
Al3+ activated TaALMT1 transport activity and three residues (E274, D275 and E284) 
in this region are essential for Al3+ activation. 
In addition to the in silico topology analysis of ALMTs provided by Kovermann and 
coworkers who showed slight differences in the hydropathy pots among different 
ALMTs (Kovermann et al. 2007), two studies attempted to get more insights in the 
topology of ALMTs (Motoda et al., 2007; Dreyer et al., 2012). By the combination of 
computer-prediction and immunocytochemical analyses, Motoda and coworkers 
generated a secondary structure model of TaALMT1 (Motoda et al., 2007). In this 
model, they concluded that the TaALMT1 protein contains six transmembrane 
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domains with both C- and N-terminal domains being located on the extracellular side 
(Figure 7a) (Motoda et al., 2007). By combining sequence alignment and clustering 
with predicted features of ALMT proteins from 32 plant species, the topological 
model of ALMTs was updated in 2012 (Dreyer et al., 2012). In addition to the model 
of Motoda et al. (2007), the C-terminal domain was proposed to span the membrane 
twice and the large N-terminal part may have another membrane spanning region 
(Figure 7b). In contrast to the model of Motoda et al. (2007), the C-terminal domain 
of ALMT proteins in this model is partially extracellular and partially cytosolic. Also 
in this model the location of the conserved glutamate in the extracellular side would 
explain how this residue can be involved in external Al3+ activation of At/TaALMT1 
(Furuichi et al., 2010), while S384, the key residue involved in the phosphorylation 
process, resides on the cytosolic side (Ligaba et al., 2009). The proposed models in 
these studies do not entirely coincide regarding the number of transmembrane 
spanning domains and the cellular orientation of the N-terminus and the C-terminus 
(Figure 7). Therefore, the structural organization of ALMTs is still ambiguous and 
there are still some open questions: i) Which domain determines the different 
subcellular localizations of ALMTs? ii) What is responsible for the different substrate 
preference in ALMTs? iii) According to the fact that the channel activity of ALMTs 
can be stimulated by Al3+ (TaALMT1, AtALMT1) and malate (AtALMT9), what are 
the mechanisms and where are the corresponding activation sites? iv) What is the 
oligomeric organization of ALMTs?  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  General	  Introduction	  
	   31	  
 
Figure 7. (a) The TaALMT1 topology model proposed by Motoda et al. (2007). In this model, the 
TaALMT1 protein contains six transmembrane domains with both C- and N-terminus being located on 
the extracellular side (From Motoda et al., 2007). (b) The modified topology model for ALMTs 
updated by Dreyer et al. (2012). In this model the C-terminal half spans twice the membrane and the 
large N-terminal domain may have another membrane spanning region (dotted). The WEP-motif as 
well as the position of the phosphorylation site S384 (yellow cycle) of TaALMT1 are indicated (From 




	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Aims	  of	  the	  Thesis	  
	   32	  
2. Aims of the Thesis 	  
As described in the introduction, the aperture of the stomatal pore is regulated by 
changes in the osmotic potentials of the guard cells. These changes are achieved 
mainly by the transport of osmotically active solutes, chiefly potassium, chloride, 
malate and nitrate ions across the plasma and vacuolar membrane. While our 
knowledge about ions fluxes across the plasma membrane of the guard cells is 
advanced, much less is known about fluxes across the tonoplast. Although some anion 
channels and transporters like ALMTs and AtCLCa have been identified in the 
vacuolar membrane, to date no genuine chloride ion channel in the tonoplast is known 
at the molecular level. AtALMT9 has been characterized as the first tonoplast targeted 
ALMT and was found to mediate malate and fumarate fluxes into the vacuolar lumen. 
However, the physiological role of AtALMT9 remains unclear and knock-out plants 
did not show any significant phenotype under the investigated conditions. The aim of 
this thesis was therefore to investigate the physiological function, structural 
organization and regulation of AtALMT9 in plant cells. I addressed four main 
questions: 
i) What is the physiological role of the vacuolar membrane localized AtALMT9? 
Based on the previously identified chloride current, is it possible that AtALMT9 acts 
as chloride channel in vivo?  
ii) Since the structure of ALMTs is still ambiguous, what is the structural organization 
of AtALMT9 and what is the molecular basis underlying the channel functionality?  
iii) Why do some ALMTs exhibit a bell-shaped I-V curve but others do not? Are there 
structural features determining the channel kinetics or is this a regulatory property of 
the channel that has been investigated under different conditions? 
iv) In addition to AtALMT6 and AtALMT9, other ALMTs (AtALMT3, 4, 5) in clad II 
are also targeted in the vacuolar membrane (Jingbo Zhang, Ulrike Baetz and Cornelia 
Eisenach, unpublished data). Do these three AtALMTs in the vacuolar membrane act 
as a malate channel as AtALMT6 or as a malate activated chloride channel as 
AtALMT9 or do they have additional physiological functions? 
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AtALMT9 is a malate-activated vacuolar chloride
channel required for stomatal opening in
Arabidopsis
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Water deﬁcit strongly affects crop productivity. Plants control water loss and CO2 uptake by
regulating the aperture of the stomatal pores within the leaf epidermis. Stomata aperture is
regulated by the two guard cells forming the pore and changing their size in response to ion
uptake and release. While our knowledge about potassium and chloride ﬂuxes across the
plasma membrane of guard cells is advanced, little is known about ﬂuxes across the vacuolar
membrane. Here we present the molecular identiﬁcation of the long-sought-after vacuolar
chloride channel. AtALMT9 is a chloride channel activated by physiological concentrations of
cytosolic malate. Single-channel measurements demonstrate that this activation is due to a
malate-dependent increase in the channel open probability. Arabidopsis thaliana atalmt9
knockout mutants exhibited impaired stomatal opening and wilt more slowly than the wild
type. Our ﬁndings show that AtALMT9 is a vacuolar chloride channel having a major role in
controlling stomata aperture.
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W
ater availability is critical for crop production. It has
been predicted that climate change will bring drought
to increasing areas of our arable lands and strategies to
produce more drought tolerant plants are critical to future crop
improvement (http://ressources.ciheam.org/om/pdf/a80/00800414.
pdf). Stomata have a central role in regulating CO2 uptake required
for photosynthesis and water consumption in response to changing
environmental conditions1–5. The aperture of the stomatal pore is
regulated by changes in the osmotic potentials of the guard cells.
These changes are mainly achieved by ion transport across cellular
membranes3,4,6–8. Cells contain organic as well as inorganic
anions, both of which are of primary importance for stomatal
opening and closure1,4,6,8,9. Potassium uptake from the apoplast
and its accumulation in the vacuole are crucial during stomatal
opening1,4,7. This process can only be achieved by a concomitant
accumulation of anions, which allow balancing positive charges.
The chemical nature of the anions involved in stomatal
movements depends on the plant species and the growing
conditions10, however it is generally accepted that chloride,
malate and nitrate are the major actors2,4,11. Surprisingly, despite
the importance of anion transport, until recently the molecular
identity of these transporters remained elusive. In the last decade,
the CLC12,13, SLAC8,9,14 and ALMT15–20 protein families have
been found to be involved in the transport of anions, shedding
light on the nature of anion ﬂuxes across plant vacuolar and/or
plasma membranes11. Despite the fundamental role of the vacuole
in accumulating solutes during stomatal movement, none of the
mutant plants of the so far identiﬁed anion transporters and
channels displayed a visible phenotype. AtCLCc represents the only
exception by exhibiting slightly impaired stomatal movement in
epidermal strips13. Surprisingly, no genuine vacuolar chloride ion
channel has been identiﬁed at the molecular level to date and
only few reports of chloride channel activity on a functional level
exist21,22.
Among the anion transporter/channel families identiﬁed so far,
aluminium-activated malate transporters (ALMTs) form a unique
family of passive transport systems that are exclusive to plants15–19.
Plasma membrane-located ALMTs are involved in dicarboxylic
acid excretion required for aluminium tolerance and in the efﬂux of
inorganic and organic anions during stomatal closure generating
the well-described R-type current17. The ﬁrst characterized
ALMT in the tonoplast was AtALMT9, which has been shown
to mediate malate and fumarate currents directed into the vacuole
of mesophyll cells of Arabidopsis thaliana18. Subsequently, a
second member, AtALMT6, was shown to mediate Ca2þ - and pH-
dependent malate currents into guard cell vacuoles19. Despite the
fact that AtALMT6 is expressed nearly exclusively in guard
cells, no obvious phenotype was observed. This may be due to the
complex regulation of this ALMT. In general, ALMTs present a
complex selectivity with a preference for dicarboxylic acids.
However, the maize ALMT protein ZmALMT123 has been
shown to transport exclusively inorganic anions across the
plasma membrane of root cells. In contrast, none of the vacuolar
ALMTs was unambiguously demonstrated to mediate inorganic
anion ﬂuxes18,19.
The scarce information concerning vacuolar chloride channels
prevents the understanding of the physiology of this anion in
plants. This is especially true if we consider the impact of the
transport of chloride during salt stress tolerance and in mediating
stomatal movements6,8,9,11,24. Here we show that the major role
of AtALMT9 is to act as a malate-induced chloride channel.
Chloride currents mediated by AtALMT9 are modulated by
cytosolic malate concentrations in the physiological range.
In planta AtALMT9 is required for proper regulation of
stomata opening. Knockout plants for AtALMT9 exhibit a
reduced stomata aperture and slower opening kinetics leading
to plants with a reduced transpiration level, thus resulting in
more drought tolerance than the corresponding wild types.
Results
AtALMT9 is permeable to chloride. To re-evaluate whether
AtALMT9 is able to transport chloride, we applied an electro-
physiological approach using vacuoles isolated from protoplasts
of Nicotiana benthamiana transiently overexpressing AtALMT9.
To identify the transformed vacuoles, we expressed AtALMT9
fused to GFP at the C-terminus. Whole-vacuole measurements on
these tobacco plants displayed a high malate current density18. To
distinguish anion currents from background cation currents, we
designed measuring solutions with the major cation being
BisTrisPropane (BTP). BTP is largely impermeable, thus mini-
mizing the cation current contribution in our measurement12,19.
AtALMT9-mediated currents in the excised out-side-out con-
ﬁguration using symmetrical malate concentrations (100mM
Malatecyt/100mM Malatevac) displayed time-dependent
relaxations similar to those previously observed for the vacuolar
AtALMT918 and AtALMT619. Differently from AtALMT6,
AtALMT9 is not regulated by cytosolic Ca2þ (Supplementary
Fig. S1). The mean amplitude of the AtALMT9-mediated currents
under these ionic conditions was  1.8±0.6 nA at –120mV
(Fig. 1a,b), the currents displayed an inward rectiﬁcation (Fig. 1b)
and a reversal potential of 0±1mV. Subsequently, we
investigated whether chloride is permeable through AtALMT9.
Therefore, we performed experiments in which the cytosolic
buffer was exchanged with 100mM Cl (Fig. 1a,b). After this
exchange, we could observe a current that was 13.5±3% of the
current measured in presence of malate. The current was inward
rectifying and detectable at membrane potentials more negative
than  60mV. Moreover, we found that the chloride currents
were characterized by a higher noise compared with those
observed for malate (Fig. 1a,b). These data indicate that
AtALMT9 is permeable to chloride and mediates its transport
from the cytosol to the vacuolar lumen. To ensure that the
chloride currents were not due to a background activity, we
compared patches from N. benthamiana vacuoles expressing
AtALMT9-GFP with patches from N. benthamiana vacuoles
expressing the empty vector using symmetrical chloride buffers
(100mM Clcyt /100mM Clvac ). The patches expressing AtALMT9-
GFP displayed time-dependent relaxation and a total current
amplitude of  866±150 pA, while empty-vector-transformed
patches exhibited no time-dependent relaxation and a total
current amplitude of  70±32 pA (Fig. 1c,d). Taken together,
these data show that AtALMT9 is not only a malate channel but
is also able to transport chloride. Interestingly, chloride ﬂuxes
through AtALMT9 are hallmarked by a high level of ﬂuctuations
(Fig. 1a,c).
Cytosolic malate is an activator of AtALMT9. Analysing the
time course during the exchange in more detail, we observed that
during the exchange of the cytosolic buffer from 100mM malate
to 100mM Cl , the ﬂuctuation level of the current raised before
it reached a stationary level (Fig. 2a). This behaviour attracted our
attention. Indeed, the presence of this marked ﬂuctuation indi-
cated that the current is likely to be mainly mediated by Cl ions,
although a certain concentration of malate might be still present
at the cytosolic side. After an increase in the noise level, the
current continued to decline until it reached a steady state when
only chloride was present (Fig. 2a). Therefore, we hypothesized
that cytosolic malate may not only be a substrate for AtALMT9
but exhibits an additional function. Consequently, we tested
whether cytosolic malate was able to modulate AtALMT9-
mediated chloride currents. When we exchanged the 100mM
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Clcyt buffer with a 100mM Clcyt plus 1mM malatecyt membrane
patches from N. bethamiana overexpressing AtALMT9, we
observed a stunning increase of the inward currents of 3.7±0.3
times (Fig. 2b). In contrast, in patches from empty-vector-
transformed vacuoles, no current increase was observed after the
application of 1mM malatecyt (Supplementary Fig. S2). These
results proved that cytosolic malate is able to activate AtALMT9-
mediated chloride currents. The currents measured in presence of
1mM malate exhibited high ﬂuctuations like those in the absence
of malate (Fig. 2b). Moreover, the I/V characteristics showed that
the activation triggered by the presence of 1mM cytosolic malate
shifted the threshold of activation from  60mV to  40mV
(Fig. 2c). This shift of the activation threshold makes AtALMT9-
mediated chloride transport physiologically even more relevant,
as it occurs at vacuolar membrane potentials in a physiological
range4. The kinetic analysis of the malate activation demonstrated
that malate is an allosteric activator of AtALMT9 (Fig. 2d). The
activation was well described by a Hill equation with coefﬁcient

































Figure 1 | AtALMT9 mediates chloride transport across the vacuolar membrane. (a) Excised cytosolic-side-out patches from N. benthamiana display
time-dependent currents in symmetrical malate conditions (100mM malatecyt/100mM malatevac; currents evoked in response 3-s pulse at  120mV
followed by a tail pulse at þ 60mV, holding potential þ60mV). When cytosolic malate is exchanged with chloride the inward currents decrease and
present an increased noise level (upper, curve enlargement of the chloride current). (b) Normalized I–V curves of vacuolar patches from AtALMT9
overexpressing N. benthamiana plants in presence of 100mM malate (squares; n¼ 8) or 100mM chloride (circles; n¼ 8) at the cytosolic side
(Supplementary Fig. S10; non-normalized I–V curves). (c,d) In presence of symmetrical chloride conditions (100mM Clcyt
 /100mM Clvac ;  120mV), only
cytosolic-side-out patches from vacuoles isolated from AtALMT9 overexpressing N. benthamiana plants present time-dependent relaxation (c). Total
inward currents were B10 times higher in cytosolic-side-out patches from AtALMT9 overexpressing vacuoles than in patches from empty-vector-
transformed vacuoles. (c) Representative currents measured in vacuolar patches from empty-vector-transformed (upper trace) and from AtALMT9
overexpressing plants (lower trace), currents evoked in response 3-s pulse from þ60mV to  120mV in  20mV steps, followed by a tail pulse at
þ 60mV, holding potential 60mV. (d) I–V curves measured in vacuolar patches from empty-vector-transformed (open circles; n¼ 6) and from
AtALMT9 overexpressing N. benthamiana plants (square; n¼ 16). Error bars represents s.e.m.
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nH¼ 2.5 and an EC50¼ 300 mM at  120mV (Fig. 2d). These
data provide two important disclosures: (i) they suggest that
AtALMT9 is likely to be a multimeric complex with a number of
subunits higher or equal than the Hill coefﬁcient nH, and (ii) they
show that the EC50 of the activation by malate is within the
physiological range of cytosolic malate concentration, which was
reported to be between 400 and 800 mM (refs 25–27). This
strongly suggests that AtALMT9 acts as a malate-activated
vacuolar chloride channel in vivo, as the Km for malate transport
is 27mM (Supplementary Fig. S3), a value far away from the
cytosolic malate concentrations. To test the activation effect of
other dicarboxylates, we tested whether fumarate, oxaloacetate
and glutamate were able to activate AtALMT9-mediated chloride
currents (Fig. 2e). While fumarate and oxaloacetic acid stimulated
the chloride ﬂuxes, though at different extents (5.7±0.4 and
2.0±0.2 times, respectively), the amino acid glutamate was
ineffective in stimulating chloride transport (Fig. 2e). It indicates
that the interaction and the effect of dicarboxylic acids on
AtALMT9 activity depend on the structural characteristics of the
agonist. This observation is similar to that made for ligand
activated channels where different agonists exhibit different
degrees of activation28. Taken together, our data clearly
demonstrate that AtALMT9 is allosterically activated by
cytosolic dicarboxylates, especially malate and fumarate.
However, it does not answer the question whether the site of
interaction is at the cytosolic or at the vacuolar side. Indeed, as
effective agonists such as malate and fumarate permeate through
AtALMT9, it would be possible that they activate the channel
from the vacuolar side. This is a crucial issue due to malate
concentrations being in the EC50 range in the cytosol but not in
the vacuole25–27. To address this question, we used a
pharmacological approach (Fig. 2f). We tested whether
isophtalate, a malate analogue that does not permeate through
AtALMT9 (Supplementary Fig. S4) was able to activate chloride
currents from the cytosolic side. Indeed, isophtalate was able to
trigger the activation of AtALMT9 inducing a 2.1±0.1 fold
increase of the chloride current at  120mV (Fig. 2f). Moreover,
cytosolic malate activates the AtALMT9 chloride currents even in
presence of 100mM malate in the vacuolar buffer
(Supplementary Fig. S5). These results strongly suggest that the
interaction required to induce the activation of AtALMT9 occurs
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Figure 2 | Cytosolic malate activates AtALMT9-mediated chloride currents. (a) During the exchange of the cytosolic solution from 100mM malatecyt to
100mM chloridecyt, the level of current ﬂuctuation increases before the exchange is complete and the current amplitude reaches a steady state level.
(b,c) In symmetrical chloride conditions (100mM Clcyt
 /100mM Clvac ), the AtALMT9-mediated chloride currents increased by a factor of about 4 at
 120mV when 1mM malate was added on the cytosolic side. Representative currents elicited in an excised cytosolic-side-out patch from an AtALMT9
overexpressing vacuole before (upper trace) and after the perfusion with 1mM malate (lower trace) (b). Normalized I–V curves of AtALMT9-mediated
chloride currents in absence (squares; n¼ 5) or in presence of 1 mM malatecyt (circles; n¼ 5) (c; Supplementary Fig. S10, non-normalized I–V curves).
(d) Dose–response curve of the activation of AtALMT9-mediated chloride currents by cytosolic malate at  120mV. Fitting the data with a Hill equation
led to a Hill coefﬁcient (nH) of 2.5 and an EC50 of 300 mM (n¼ 5–7). (e) Different dicarboxylic acids activate AtALMT9 with different potency while
glutamate is not effective; all compounds were tested at a cytosolic concentration of 1mM (n¼ 5–9). (f) The interacting site responsible for the activation
of AtALMT9 resides at the cytosolic side. Isophthalic acid, a dicarboxylic acid not permeable across AtALMT9 (Supplementary Fig. S4), is able to activate
AtALMT9 currents. (g) Comparison of the molecular structures of isophtalic acid and malic acid. (b,f) Currents evoked in response 3-s pulse at  120mV
followed by a tail pulse at þ 60mV, holding potential þ60mV. Error bars are s.e.m.
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Cytosolic malate increases AtALMT9 open probability. The
activation of chloride currents by carboxylates can be explained
either by an increase of the single-channel conductance and/or
the open probability. To answer this question, we performed a
single-channel analysis of AtALMT9 (Fig. 3). In excised out-side-
out patches from vacuoles overexpressing AtALMT9-GFP, we
could identify single-channel transitions with a conductance of
32±2 pS (n¼ 4) using conditions identical to those for macro-
scopic chloride current recordings (Fig. 3a,b). The single-channel
amplitude was  3.9±0.2 pA at  120mV (Fig. 3b), a value
corresponding to that determined by non-stationary noise
analysis of the macroscopic currents at the same voltage
( 3.4±0.8 pA at  120mV; Supplementary Fig. S6). The
reversal potential of the single channels was 0±2mV, which is
very close to the Nernst potential for chloride (ENernst(Cl )¼
0mV). The open probability of the single-channel transitions was
voltage dependent and increased at more negative voltages, which
is in agreement with the macroscopic currents measurements
(Fig. 1a). Under our experimental conditions, the single channels
presented a ﬂickery behaviour characterized by fast transitions
between the open and the closed state (Fig. 3a), which explains
the characteristic noisy behaviour of the macroscopic chloride
currents (Fig. 1). Notably, the characteristics of our single-chan-
nel measurements are comparable to the only available mea-
surements of chloride single channels in the vacuolar membrane
of higher plants reported so far21. This channel also, exhibited a
ﬂickery behaviour and a conductance of 34 pS (ref. 21). Next, we
tested how the single-channel activity was altered by the addition
of malate at the cytosolic side (Fig. 3c). We perfused patches in
which single channels could be visualized with the chloride
solution including 200 mM malate (n¼ 4; Fig. 3c). All-point
histograms revealed that 200 mM malate dramatically increased
the open probability of AtALMT9 (Fig. 3c). Moreover, all-point
histograms could be ﬁtted by a sum of Gaussian functions that
were equally spaced indicating that malate activation does not
induce a change in the single-channel conductivity (Fig. 3c). This
is supported by the observation that single-channel transitions
detected in presence of malate displayed the same amplitude
( 2.8±0.4 pA at  80mV) as in the absence of cytosolic malate
( 2.7±0.3 pA at  80mV; Fig. 3c, inset). All together these data
show that the single-channel activity observed can be attributed
to AtALMT9. In addition, these results are also a ﬁnal proof that
ALMTs are channels and not transporters.
AtALMT9 is a major vacuolar chloride channel. We analysed
whether the cytosolic malate activation of the chloride currents
was observable also in A. thaliana vacuoles. Previously, it has
been shown that vacuoles from mesophyll protoplasts display
AtALMT9-mediated currents18, therefore we used this
experimental system to test the malate activation in the native
system. We designed experiments in which the buffer on the
cytosolic side was sequentially exchanged in the following order:
(i)100mM Clcyt ; (ii) 100mM Clcyt þ 1mM malatecyt; (iii)
100mM malatecyt, (Fig. 4). In whole-vacuole recordings from
Col-0, we could observe a reversible increase of 1.41±0.1 of the
chloride currents after the addition of 1mM malate (Fig. 4a,e,f)
and an increase of the noise. The mean current densities at
 120mV in the different conditions were:  5.3±0.6 pA pF 1
in 100mM Clcyt ;  7.4±0.9 pA pF 1 in 100mM Clcyt þ 1mM
malatecyt;  11.6±2.0 pA pF 1 in 100mM malatecyt; (Fig. 4a,e).
We performed the same experiments using two AtALMT9
knockout lines, atalmt9-1 and atalmt9-2 (Fig. 4). Neither in
atalmt9-1 nor in atalmt9-2 an increase of the chloride currents
was observed (Fig. 4b,c,f). The mean current densities at
 120mV in the knockout lines were: 100mM Clcyt , atalmt9-1
 4.4±0.4 pA pF 1, atalmt9-2  3.8±0.5 pA pF 1; 100mM
Clcyt þ 1mM malatecyt, atalmt9-1  4.5±0.5 pA pF 1, atalmt9-2
 3.7±0.5 pA pF 1; 100mM malatecyt, atalmt9-1  2.1±
0.4 pA pF 1, atalmt9-1  2.8±0.4 pA pF 1; (Fig. 4b,c,e). The
absence of the cytosolic malate activation of the chloride currents
in both the knockouts demonstrates that the increase induced by
cytosolic malate we observed in Col-0 is due to AtALMT9.
Moreover, the absence of the malate activation in atalmt9-1 and
atalmt9-2 is followed by a dramatic decrease of the current
density observed in presence of 100mM malate in the cytosol.
Despite the fact that we could measure consistent malate
activation in wild-type vacuoles, we were puzzled by the smaller
extent of the activation compared with that observed in
AtALMT9 overexpressing N. benthamiana vacuoles. We


















































Figure 3 | Single-channel analysis of AtALMT9-mediated chloride currents. (a) Representative single-channel recordings at different applied membrane
potentials as indicated. Single channels were measured in vacuolar patches from AtALMT9 overexpressing plants in symmetrical chloride conditions
(100mM Clcyt
 /100mM Clvac ). Corresponding all-point amplitude histograms of the single-channel recordings (right) show that the open probability
increases when the applied membrane potential is more negative. (b) Single-channel I-V curve obtained from all-point amplitude histograms as in (a)
shows that AtALMT9 presents a single-channel conductance of 32 pS (n¼ 3–5). (c) Single channels observed in conditions as in a are reversibly activated
by 200mM malate added at the cytosolic side. The activation by cytosolic malate does not alter the single-channel conductance ( 2.8±0.4 pA at
 80mV, inset), but increases the open probability as illustrated by the corresponding all-point amplitude histograms (right). In all-point amplitude
histograms (a,c), the continuous line represents the ﬁt with an adequate sum of Gaussian distributions. Data are ﬁltered at 1.5 kHz. Error bars are s.e.m.
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hypothesized that in our Arabidopsis, whole-vacuole
measurements there was a background chloride current
independent from other vacuolar ALMTs masking the malate
activation, which would consequently result in a reduced effect of
cytosolic malate. AtCLCa has been shown to mediate the main
inorganic anion current across the Arabidopsis tonoplast and
to be able to transport NO3 (ref. 12) but also Cl (ref. 29). We
found that in the presence of 100mM Clcyt vacuoles from atclca-2
exhibited a current density of  2.3±0.4 pA pF 1 (Fig. 4d)
compared with the  6.4±0.4 pA pF 1 observed in the
corresponding wild type (WS, Wassilewskija). This result shows
that atclca-2 actually present a strongly diminished background
chloride current compared with the wild type (Fig. 4e). When the
100mM Clcyt þ 1mM malatecyt buffer was applied in atclca-2, the
current increased by a similar amount as in the wild type.
However, as the contribution of AtCLCa was no more present,
the activation by malate was increased by a factor of 2.2±0.1
compared with 1.48±0.1 in WS, showing that the reduced
background of atclca-2 resulted in an increased activation effect
of malatecyt. These results show that the reduced activation of the
chloride currents by 1mM cytosolic malate in wild-type





























































































































Col-0 almt9-2almt9-1 clca-2a b c d
Figure 4 | Cytosolic malate activates chloride currents in A. thaliana vacuoles from mesophyll protoplasts. Representative current recordings (upper
panel; at  120mV) and mean I–V curves normalized to the capacitance (lower panel) obtained in whole-vacuole conﬁguration: (a) Col-0 out-crossed
wild-type (n¼ 10), (b) atalmt9-1 (n¼ 5), (c) atalmt9-2 (n¼6) and (d) atclca-2 (n¼ 6) knockout lines during cytosolic solution exchange. Black, 100mM
Clcyt
 /100mM Clvac ; red, 100mM Clcyt þ 1mM malatecyt/100mM Clvac ; blue, 100mM malatecyt/100mM malatevac; grey, recovery. In the wild-type
vacuoles (a), the addition of 1mM malatecyt induces a reversible increase of the chloride currents of 1.43 times at Vm¼  120mVwhile in the atalmt9-1 (b)
and 2 (c) no activation of the chloride currents is observable. (d) the atclca-2 knockout mutant presents a decreased anionic current background and an
increase of the chloride currents in response to 1 mM malatecyt of 2.2 times at  120mV. (e) Mean current density at Vm¼  120mV of the different
genotypes in the different tested conditions. (f) Ratio of the current measured in 100mM Clcyt
 þ 1mM malatecyt and the current measured in
100mM Clcyt
 for the different genotypes. In e and f, results from wild-type Wassilewskija (WS; n¼4) are shown. (a–d) Currents evoked in response 3-s
pulse from þ 60mV to  120mV, holding potential þ 60mV. I–V characteristics were obtained averaging the last 50ms of the current traces. Error bars
are s.e.m.
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2815
6 NATURE COMMUNICATIONS | 4:1804 | DOI: 10.1038/ncomms2815 | www.nature.com/naturecommunications
& 2013 Macmillan Publishers Limited. All rights reserved.
39
measured in overexpressing tobacco vacuoles is likely to be due to
the higher relative contribution of background chloride currents
in Arabidopsis.
AtALMT9 controls stomata aperture. As chloride ions are
known to have a major role in stomatal movements in Arabi-
dopsis, we investigated whether and how AtALMT9 could be
involved in this process. Coinciding with in silico data (Gene-
vestigator, http://www.genevestigator.ethz.ch), experiments using
plants expressing GUS under the control of the AtALMT9 pro-
moter conﬁrmed that this channel is also expressed in guard cells
(Fig. 5a). As the currents mediated by AtALMT9 were strongly
inward rectifying, we expected a physiological role of AtALMT9
in the opening process of stomata. Indeed, the closure induced by
dark or ABA is not impaired in atalmt9 mutants (Supplementary
Fig. S7). Therefore we performed stomatal opening assays on
peeled epidermal strips from two independent atalmt9 knockout
lines using a 30mM KCl buffer (Fig. 5b). After exposure to light
for 2 h, we could detect a 20% and 21%, reduced stomatal aper-
ture in the atalmt9-1 and atalmt9-2 mutants, respectively
(Fig. 5c). Interestingly, when the same assay was made in
presence of 3mM Cl (30mM Kþ , 3mM Cl and 27mM
iminodiacetate), the stomata aperture after the exposure to 2 h
light of both wild types and mutants was similar but reduced
compared to that of wild type in 30mM KCl (Fig. 5c). Guard cells
accumulate different anions such as malate and Cl during
stomata opening to balance Kþ charges4–6. The relative
accumulation of Cl and malate in the vacuole depends on the
availability of chloride10,30. In this context, our data indicate that
AtALMT9 is involved in mediating chloride ﬂuxes in the vacuole
of guard cells to achieve a complete stomata opening.
Furthermore, we monitored the kinetics of stomatal opening in
Arabidopsis leaves by measuring changes in the stomatal
conductance in response to light (Fig. 5d, Supplementary
Fig. S8). Compared with wild-type plants, stomatal conductance
was lower after 100min of light exposure in both atalmt9
knockout lines and measurements revealed signiﬁcantly slower
opening kinetics in the mutants than in the wild-type plants. To
obtain further evidences that loss of AtALMT9 affects also
stomatal opening in planta, we exposed wild type and knockout
plants to drought stress (Fig. 5e). Both knockout lines were more
resistant to drought compared with the corresponding wild-type
lines. At 8 days after the last watering, wild-type plants had 23%
lower water content compared with the corresponding knockout









































































































Figure 5 | AtALMT9 is involved in stomatal opening in A. thaliana. (a) AtALMT9-promoter-GUS reporter lines show that AtALMT9 is expressed in guard
cells. (b) Two independent knockout mutant lines, atalmt9-1 and atalmt9-2 (for details see material and methods), were used to determine the role of the
AtALMT9 chloride channel in stomatal opening. In both lines, RNA transcripts for AtALMT9 could not be detected. (c) Stomatal aperture measurements
on stripped epidermis after 2 h of illumination atalmt9-1 and atalmt9-2 knockout mutants and wild-type plants. Measurements performed in presence of
30mM KCl show that the knockout mutants presented a decreased aperture of 20±3% (atalmt9-1, P¼0.004 t-test; n¼6) and 21±4% (atalmt9-2,
P¼0.003 t-test; n¼ 6) with respect to the corresponding wild types. Measurements performed in presence of 27mM K-iminodiacetate and 3mM KCl
show that atalmt9-1 and atalmt9-2 knockout mutants do not show signiﬁcant difference in stomatal apertures (atalmt9-1, P¼0.11 t-test; atalmt9-2, P¼0.21
t-test). Each point corresponds to the mean of six experiments, in each experiment at least 60 stomata were analysed. (d) Time course of the mean
stomatal conductance during light-induced opening. Measurements were performed using a LI-6400; LI-COR gas exchange chamber. It is visible that in
both atalmt9-1 (upper panel; atalmt9-1, n¼6 plants; wild-type-1, n¼ 5 plants) and atalmt9-2 (lower panel; atalmt9-2, n¼ 6 plants; wild-type-2, n¼6 plants)
knockouts, the stomatal conductance increase is delayed compared with the corresponding wild-type plants. After 1.5 h, the two knockout lines reach a
lower conductance level (atalmt9-1 22%; atalmt9-2 25%) than the corresponding wild types. (e) atalmt9-1 and atalmt9-2 are more tolerant to drought,
8 days after stopping watering atalmt9-1 (upper panel) and atalmt9-2 (lower panel) are still turgescent, while the corresponding wild types are withered.
Error bars are s.e.m.
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phenotype on leaves was observed18. However, to verify that the
drought stress phenotype was not due to a rapid hydropassive
water loss, we measured the osmolarity of wild type and knockout
mutants. As expected from the similar water content in both
lines, the osmolarity of the press sap was also indistinguishable.
These results indicate that the increased drought resistance of
atalmt9-1 and atalmt9-2 is not due to a less negative water
potential in the mutant (Supplementary Fig. S9) but to the
impaired stomatal opening (Fig. 5c,d).
Discussion
To guarantee appropriate gas exchanges under changing
environmental conditions, ion transport and metabolism have
to be integrated processes in guard cells. Anions have to meet the
metabolic requirements of the cell as well as to keep the ionic
balance and the osmotic potential. Chloride has an important role
as an osmoticum and charge balance but is metabolically inactive.
In contrast, malate is part of several metabolic pathways and
through the action on PEPcase regulates the synthesis of
oxaloacetate, its precursor31. During stomatal opening
concomitantly to potassium uptake, malate and chloride are
taken up from the apoplast1,4,6,32. Moreover, malate is also
synthesized via starch degradation4,5. The amount of malate in
the apoplast is limited and the synthesis of large amounts of
malate through starch breakdown and glycolysis is likely to be
slower than the uptake. As the cytosolic volume of guard cells is
only about 20–30% of the cellular volume when stomata are
closed, small increases of cytosolic malate are sufﬁcient to activate
the vacuolar chloride channel and consequently allow a rapid
opening reaction via chloride accumulation in the vacuole.
Consequently, at least in short terms, malate may not have the
role as the main osmolyte during stomatal opening but rather
exhibit a so far unexplored signalling function: the regulation of
anion ﬂuxes across the plasma and the vacuolar membranes,
hence participating in the control of the osmotic pressure of
guard cells (Fig. 6). We found that AtALMT9 mediates chloride
currents activated by cytosolic malate in a physiological
concentration range in both heterologous expression system
and under native conditions. In Arabidopsis, the relative
contribution of AtALMT9 in vacuolar chloride ﬂuxes can be
estimated based on our data. We could attribute the relatively
weak activation observed in Arabidopsis compared with the
measurements in N. benthamiana overexpressing AtALMT9 to
the relative high background currents in Arabidopsis vacuoles.
However, taking the measured values and deducing the
background current by calculating the ratios of
((IClþmalCol 0  IClþmalalmt9 )/(IClCol 0 IClalmt9)), an activation of the
AtALMT9-mediated chloride current of B3 could be obtained;
a value similar to that observed in tobacco.
At  120mV and in the presence of 100mM Cl , and 1mM
malate the current through AtALMT9 is B 3 pApF 1. We
found that beside AtALMT9 the major current under our
experimental conditions is generated by AtCLCa with a current
density of B 3 pA pFA 1. If one takes into account that
AtCLCa is a nitrate, chloride/proton antiporter12,29 and that
under our experimental conditions, two protons are exported for
each chloride taken up by the vacuole it results that the chloride
ﬂux mediated by AtALMT9 is about three times the one mediated
by AtCLCa. Nonetheless, it should be mentioned that the relative
contributions of AtALMT9 and AtCLCa may differ in function
of the given membrane potential and cytosolic chloride
concentrations and regulatory factors.
Our results also show that AtALMT9 is required for fast and
complete opening of stomata, but has no effect on stomata
closure. Mutants of AtALMT9 wilt faster, which is in accordance
with the gas exchange data and the measurements made on
isolated epidermal strips. AtALMT9 is also expressed in the
mesophyll cells18. To exclude indirect effect of the mesophyll, we
compared water contents and the osmolarity in the leaves of wild-
type and mutant plants. Both parameters were displaying no
signiﬁcant differences between wild-type and knockout plants
consequently excluding a role of the mesophyll in the observed
phenotype. Therefore, the drought-resistant phenotype of the
knockout can be attributed to the impaired stomatal opening
resulting from a reduced uptake of chloride in guard cell vacuoles.
This is in line with the functional properties of AtALMT9
mediating chloride ﬂuxes directed into the vacuole.
Wang and Blatt33 have recently shown that carboxylates inhibit
chloride ﬂuxes across the plasma membrane of Vicia faba guard
cells, indicating that carboxylates act as important regulatory
elements of chloride ﬂuxes across cellular membranes. In our
work, we identiﬁed AtALMT9 as target of the carboxylate
modulation. Whether the inhibition observed by Wang and
Blatt33 is due to an opposite regulatory effect of carboxylates on
plasma membrane localized ALMTs or SLACs or whether an
inhibition of the plasma membrane chloride efﬂux was observed
due to the activation of the vacuolar chloride currents remains to be
established. The discovery that AtALMT9 constitutes a vacuolar
chloride channel, which has been sought for over 20 years, assigns a
completely novel function to this anion channel. These results may
pave the way to get further insights in the regulation of guard cell
anion channels and ﬁnally to modulate stomatal aperture allowing
to produce plants that are more drought tolerant and more
productive under certain environmental conditions.
Methods
Overexpression of AtALMT9-GFP in Nicotiana benthamiana. For transient
overexpression of AtALMT9-GFP, the complementary DNA was cloned into the
pART27 vector as described previously18.The agrobacterium-mediated inﬁltration




























Figure 6 | Model for the role of AtALMT9 in stomatal opening. When
stomata are closed (at the end of the dark period), the vacuolar membrane
potential is close to 0mV and cytosolic malate concentrations are low (left
panel). In these conditions, AtALMT9 is not active and does mediate anion
accumulation into the vacuole. During stomatal opening (right panel), the
membrane potential of the vacuole drops to values close to  60mV.
Starch is degraded to malate, which is also taken up from the apoplast
inducing a raise of the cytosolic malate concentration. These conditions
activate AtALMT9. At the same time, chloride enters into guard cells. To
sustain the opening of stomata, solutes have to be accumulated in the
vacuole of guard cells to increase the water potential. In this phase,
AtALMT9 mediates chloride accumulation in the vacuole.
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After agrobacterium-mediated inﬁltration tobacco plants were grown in
greenhouse (16 h light:8 h dark, 25 C). At 2–3 days after the agrobacterium-
mediated inﬁltration, the transformed leaves were used to extract protoplasts and
vacuoles for patch-clamp experiments.
Electrophysiology. Mesophyll protoplasts from tobacco leaves were released by an
enzymatic digestion. The enzyme solution contained 0.3% (w/v) cellulase R-10,
0.03% (w/v) pectolyase Y-23, 1mM CaCl2, 500mM sorbitol and 10mM MES, pH
5.3 (550mOsm). Protoplasts were washed twice and resuspended in the same
solution without enzymes. Vacuoles were released from mesophyll protoplast by
the addition of 5mM EDTA and a slight osmotic shock (500mOsm, see medium
below). Vacuoles from transformed protoplasts to be used for patch-clamp
experiments were selected using an epiﬂuorescence microscope. Membrane cur-
rents from tonoplast patches were recorded using the patch-clamp technique12,19.
Brieﬂy, currents were recorded with an EPC10 patch-clamp ampliﬁer (HEKA
Electronics) using the Patchmaster software (HEKA Electronics). Data were
analysed with the FitMaster software (HEKA Electronics). Exchange of the
cytosolic-side solution was performed using a gravity-driven perfusion system. In
experiments on macroscopic currents recording and whole-vacuole, the pipette
resistance was 4–5MO. For single-channel recordings, the pipette resistance was 8–
9MO. Only patches presenting a seal resistance higher than 2GO for macroscopic
currents and 8–10GO for single-channel recordings were used to perform
experiments. In whole-vacuole recordings, to equilibrate the vacuolar lumen with
the pipette solution, at least 10min were waited after the establishment of the
whole-vacuole conﬁguration before starting the exchange of the cytosolic-side
solution. Current recordings were ﬁltered at 300Hz for macroscopic currents and
1.5 kHz for single-channel recordings.
The pipette solutions contained: 112mM malic acid, 5mM HCl, adjusted with
BisTrisPropane, pH 6; 100mM HCl, adjusted to pH 6 with BisTrisPropane. The
osmolarity was adjusted to 550mOsm with sorbitol. The bath solutions contained:
(i) 100mM malic acid, 3mM MgCl2, 0.1mM CaCl2, adjusted to pH 7.5 with
BisTrisPropane; (ii) 100mM HCl, 3mM MgCl2, 0.1mM CaCl2, adjusted to pH 7.5
with BisTrisPropane. The osmolarity was adjusted to 500mOsm with sorbitol. For
activation experiments of the chloride currents, the dicarboxylic acids (malic acid,
isophtalic acid, fumaric acid, oxaloacetic acid and glutamic acid) were added to the
chloride-based bath solution at the concentrations indicated in the text. When
needed the pH was adjusted to 7.5 with BisTrisPropane. All chemicals were
purchased at Sigma-Aldrich. Liquid junction potentials were measured35 and
corrected when higher that ±2mV.
When not stated differently the current–voltage characteristics were obtained by
subtracting the current at t¼ 0 from the quasi-stationary currents (averaging the
last 50ms of the current trace) elicited by main voltage pulses.
For the channel activation by malate, the concentration-dependent activation
relationship was ﬁtted by the Hill equation in the form of:
Iact
Ictrl
¼ 1þ A  act½ 
nH
KnHA þ act½ nH
where Iact is the current in presence of the activator, Ictrl is the current in absence of
the activator. nH is the Hill coefﬁcient and [act] is the concentration of the
activator. KA is the EC50. A is the maximum current ratio.
Plant material and growth conditions.. All wild type (Col-0) and atalmt9 mutant
plants of Arabidopsis thaliana were grown in a plant growth chamber (8 h light
22 C/16 h dark 18 C, 55% relative humidity) in potting soil. For drought stress
experiments, plants were grown in a deﬁned amount of sieved soil in round pots
(6 cm diameter). After 8 weeks of regular irrigation, watering was stopped.
Selection of atalmt9 knockout lines. Two independent T-DNA insertion lines,
atalmt9-1 (SALK_055490) and atalmt9-2 (WiscDsLox499H09), were obtained
from the Salk Institute Genomic Analysis Laboratory and the Wisconsin Arabi-
dopsis T-DNA insertion collection, respectively. Genomic DNA was extracted from
4-week-old plants and mutant plants homozygous for the T-DNA insertion locus
were isolated by PCR genotyping using AtALMT9-speciﬁc primers. To select
homozygous lines, we used the AtALMT9-speciﬁc primer At3g18440-solfor (50-
GATCCTGCAGGCTGGAGAGGATCTTCATAACCTTG-30) and At3g18440–
solrev (50-GATCGCGGCCGCTTACATCCCAAAACACCTACGAATC-30) and
the T-DNA-speciﬁc primer LBb1.3 (50-ATTTTGCCGATTTCGGAAC-30) and
p745 (50-AACGTCCGCAATGTGTTATTAAGTTGTC-30) for atalmt9-1 and 2,
respectively. The abundance of the AtALMT9 transcript in homozygous knockout
lines and wild-type plants (see below) was assayed by reverse transcriptase–PCR
using the AtALMT9-speciﬁc primers ALMT9-1F (50-CCTTAAT-
TAAATGGCGGCGAAGCAAGGTTCCTTCA-30) and ALMT9-1794R (50-
TTGGCGCGCCCATCCCAAAACAC CTACGAATCT-30). As loading control,
actin transcript was ampliﬁed with the primers 50-TGGAATCCACGAGACA
ACCT-30 and 50-TTCTGTGAACGATTCCTGGAC-30 .
Stomatal aperture and gas exchange measurements. Stomatal aperture and
conductance were assayed from leaves of 5- to 7-week-old plants. Stomatal
conductances of wild-type, atalmt9-1 and atalmt9-2 plants were measured using a
portable gas exchange system (LI-6400; LI-COR) with an Arabidopsis leaf chamber
ﬂuorometer (LI-6400-40, LI-COR) and a light source set to 150 mmolm 2 s 1
(10% blue light). The relative humidity of incoming air was 58%±2% and the air
ﬂow was set to 300 mmol s 1.
For stomatal aperture measurement, the whole leaf was detached in the dark
before start of the light period and glued from the abaxial side onto a coverslip
using a non-toxic medical adhesive (Medical Adhesive B Liquid, VM 355-1,
Ulrich Swiss). The adaxial epidermis and mesophyll layers were gently removed.
The coverslips with the glued abaxial epidermis were placed in a Petri dish
containing the opening buffer. The 30mM Cl buffer contains: 30mM KCl,
5mM MES, 0.1mM CaCl2, pH 5.7. The 3mM Cl buffer contains: 3mM KCl,
13.5mM K2 Iminodiacetate,0.1 mM CaCl2, pH 5.7. The epidermis was equili-
brated for 30min in dark (t¼ 0) and then incubated for 2 h in light. Wild-type
and knockout leaves were analysed in parallel. Around 20 pictures per leaf and
per time point were taken using an inverted microscope (Nikon Eclipse TS100) at
a  40 magniﬁcation. Stomatal apertures were measured manually using the
ImageJ software. For each time point, more than 60 stomatal apertures were
measured.
Tissue-speciﬁc expression of AtALMT9 in Arabidopsis. For GUS staining, the
whole leaf was detached from the same transgenic plants lines as described (1). The
abaxial epidermis was peeled and incubated in GUS staining buffer (50mM
NaHPO4 pH 7.2, 0.5% Triton X-100, 1mM X-Gluc) at 37 C for 30 h, subsequently
the GUS staining buffer was replaced with 70% ethanol. The samples were
examined using a Nikon Eclipse TS100 microscope.
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Supplementary Figure S1. Cytosolic Ca
2+
 does not activate AtALMT9 mediated chloride 
currents. (a,b) Typical excised cytosolic-side-out patch current form N. benthamiana AtALMT9 
overexpressing vacuoles in nominal absence of cytosolic calcium (0 mM Ca
2+
; a) and after 
perfusion with 100 µM cytosolic Ca
2+
 (b). (c), I/V curves of the total currents from (a) and (b). The 
mean ratio is ICa/I0.1mM Ca= 1.1 ± 0.1 at -120 mV (n=3). The 0 mM Ca
2+
 cytosolic solution contains: 
100 mM HCl, 3 mM MgCl2, 5mM EGTA, adjusted to pH 7.5 with BisTrisPropane. The 100 µM 
Ca
2+
 cytosolic solution contains: 100 mM HCl, 3 mM MgCl2, 0.1 mM CaCl2, adjusted to pH 7.5 
with BisTrisPropane. Vacuolar side solution: 100 mM HCl, adjusted to pH 6 with BisTrisPropane. 
(a,b), from a holding potential of 0 mV a series of test voltages from +60 to -120 mV in steps of -20 
mV was applied; tail potential -60 mV. Error bars are s.e.m. (a, b) Currents evoked in response 3s 
pulse from +60 mV to -120 mV in -20 mV steps, followed by a tail pulse at -60 mV, holding 
potential +60 mV. 
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Supplementary Figure S2. Cytosolic malate does not activate chloride currents in excised 
cytosolic-side-out in patches from empty vector transformed vacuoles.  (a,b) Typical excised 
cytosolic-side-out  patch currents form N. benthamiana vacuoles obtained from empty-vector 
(pART27) transformed protoplasts. (a), currents recorded with a 100 mM Cl
-
cyt buffer and (b) after 
perfusion with  100 mM Cl
-
cyt + 1 mM malatecyt buffer. (c), mean I-V curves from currents recorded 
with a 100 mM Cl
-
cyt buffer and after perfusion with  100 mM Cl
-
cyt + 1 mM malatecyt buffer (n=6). 
Vacuolar side solution: 100 mM HCl, adjusted to pH 6 with BisTrisPropane. Cytosolic side buffers: 
100 mM HCl, 3 mM MgCl2, 0.1 mM CaCl2, adjusted to pH 7.5 with BisTrisPropane; 100 mM HCl, 
1 mM malic acid, 3 mM MgCl2, 0.1 mM CaCl2, adjusted to pH 7.5 with BisTrisPropane. Error bars 
are s.e.m. (a, b)Currents evoked in response 3s pulse from +60 mV to -120 mV in -20 mV steps, 









Supplementary Figure S3. Conductance of AtALMT9 currents as a function of cytosolic malate 
concentration measured at different membrane potentials as indicated. The data were normalised to 
the conductance in 100 mM malatecyt at -100 mV and fitted with a Michaelis-Menten function. The 







Supplementary Figure S4. Isophtalic acid is not permeable through AtALMT9. (a) 
Representative AtALMT9 currents recorded with voltage pulses form 40 to -120 mV in presence of 
100 mM malatecyt and 50 mM isophtalatecyt. (b) Normalised mean IV curves in presence of 100 mM 
malatecyt and 50 mM isophtalatecyt. The currents detected in the presence of isophtalatecyt 
correspond to 1% at -120 mV of the currents measured in presence of malate. The pipette solutions 
was: 112 mM malic acid, 5 mM HCl, adjusted with BisTrisPropane to pH 6; the cytosolic solution 
were: i) 100 mM malic acid, 3 mM MgCl2, 0.1 mM CaCl2, adjusted to pH 7.5 with BisTrisPropane; 
ii) 50 mM isophtalic acid, 3 mM MgCl2, 0.1 mM CaCl2, adjusted to pH 7.5 with BisTrisPropane. 
(a, b) Currents evoked in response 3s pulse from +60 mV to -120 mV in -20 mV steps, followed by 




Supplementary Figure S5. Cytosolic malate activates AtALMT9 chloride currents even in 
presence of 100 mM malate in the vacuolar buffer. (a,b), Typical excised cytosolic-side-out  
patch current form N. benthamiana AtALMT9 overexpressing vacuoles with 100 mM malate in the 
vacuolar buffer and 100 mM Cl
-
cyt (a) and after perfusion with 100 mM Cl
-
cyt + 1 mM malatecyt (b). 
(c), mean normalised I/V curves of the time dependent currents from (a) and (b). In presence of 100 




cyt= 3.6 ± 0.4 at -120 mV.  Cytosolic side buffers: 
100 mM HCl, 3 mM MgCl2, 0.1 mM CaCl2, adjusted to pH 7.5 with BisTrisPropane; 100 mM HCl, 
1 mM malic acid, 3 mM MgCl2, 0.1 mM CaCl2, adjusted to pH 7.5 with BisTrisPropane. Vacuolar 
side buffer: 112 mM malic acid, 5 mM HCl, adjuste with BisTrisPropane, pH 6. (a,b, c), from a 
holding potential of -60 mV a series of test voltages from +60 to -120 mV in steps of -20 mV was 
applied; tail potential -60 mV. Error bars are s.e.m. (a, b) Currents evoked in response 3s pulse 






Supplementary Figure S6. Non stationary noise analysis of AtALMT9 in excised cytosolic 
side-out patches. (a) Average of 100 macroscopic current recordings and (b) corresponding 
variance from a representative patch recorded at -120 mV. (c) Plot of the variance against the 
corresponding mean current from the same patch as in (a). To estimate the unitary channel current 





2   
where σ2 is the variance, i the unitary channel current, <I> is the mean current and N the number of 
channels in the patch. The mean unitary current amplitude was estimated to be -3.4±0.8 pA at -120 




Supplementary Figure S7. AtALMT9 is not involved in triggering stomata closure in response 
to dark and ABA. (a), stomatal aperture were measured after 2h light in 30 mM KCl, after 
epidermal strips were transferred in the dark and stomatal aperture was measured after 1h and 1h30. 
In both wild-type (n=4) and atalmt9-1  knock-out (n=4) the closure was statistically significant 
(wild-type 1 P=0.03; atalmt9-1 P=0.01) and close to the same extent. (b), stomatal aperture were 
measured after 2h light in 30 mM KCl, subsequently 10 µM ABA was added and stomata aperture 
measured after  2h incubation in the light. In both wild-type (n=4) and atalmt9-1 knock-out (n=4) 
the closure was statistically significant (wild-type 1 P=0.003; atalmt9-1 P=0.009) and close to the 
same extent. In (a) and (b) the opening buffer was 30 mM KCl, 5 mM MES, 0.1 mM CaCl2, pH 





Supplementary Figure S8. Time course of the mean stomata conductance during light-
induced opening in a second independent batch of plant. Measurements were performed using a 
LI-6400; LI-COR gas exchange chamber as in Figure 4d. (a) wild-type1 n=9 plants, atalmt9-1 n=8. 











Supplementary Figure S9. (a), Relative water content and osmolarity in wild-type and atalmt9 
mutant plants. Histograms showing the relative water content (RWC) of atalmt9-1, atalmt9-2 and 
the corresponding wild-type plants before (atalmt9-2 and corresponding wild-type, grey bars) and 8 
days after stopping watering (empty bars). Wild-type plants exhibited a 23% larger water loss 
compared to the corresponding knockout lines. For each genotype at least 10 different rosettes were 
used to determine the relative water content. The RWC was calculated with the following equation: 
RWC=(FW-DW)/FW, FW is fresh weight and DW is dry weight. (b), Osmolarity of the leaf sap 
extracted from A. thaliana rosette leaves. Leaves undergo a cycle of freezing/thawing and 
subsequently were mechanically grinded. After centrifugation the supernatant was collected and 
used for osmolarity measurements with a micro-osmometer.  For each genotype 8 plants were used. 









Supplementary Figure S10. (a), Non-normalised I-V curves from Fig 1 b. Vacuolar side buffer: 
112 mM malic acid, 5 mM HCl, adjuste with BisTrisPropane, pH 6. Cytosolic side buffers: 100 mM 
HCl, 3 mM MgCl2, 0.1 mM CaCl2, adjusted to pH 7.5 with BisTrisPropane; 100 mM malic acid, 3 
mM MgCl2, 0.1 mM CaCl2, adjusted to pH 7.5 with BisTrisPropane. (b), non normalised I-V 
curves from Fig 1 b. Cytosolic side buffers: 100 mM HCl, 3 mM MgCl2, 0.1 mM CaCl2, adjusted 
to pH 7.5 with BisTrisPropane; 100 mM HCl, 1 mM malic acid, 3 mM MgCl2, 0.1 mM CaCl2, 
adjusted to pH 7.5 with BisTrisPropane. Vacuolar side buffer: 100 mM HCl, adjusted to pH 6 with 
BisTrisPropane. Error bars are s.e.m. 
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Identiﬁcation of a Probable Pore-Forming Domain in the
Multimeric Vacuolar Anion Channel AtALMT91[W][OPEN]
Jingbo Zhang2, Ulrike Baetz2, Undine Krügel, Enrico Martinoia, and Alexis De Angeli*
Institute of Plant Biology, University of Zürich, CH–8008 Zurich, Switzerland
Aluminum-activated malate transporters (ALMTs) form an important family of anion channels involved in fundamental
physiological processes in plants. Because of their importance, the role of ALMTs in plant physiology is studied extensively.
In contrast, the structural basis of their functional properties is largely unknown. This lack of information limits the
understanding of the functional and physiological differences between ALMTs and their impact on anion transport in plants.
This study aimed at investigating the structural organization of the transmembrane domain of the Arabidopsis (Arabidopsis
thaliana) vacuolar channel AtALMT9. For that purpose, we performed a large-scale mutagenesis analysis and found two residues
that form a salt bridge between the ﬁrst and second putative transmembrane a-helices (TMa1 and TMa2). Furthermore, using a
combination of pharmacological and mutagenesis approaches, we identiﬁed citrate as an “open channel blocker” of AtALMT9
and used this tool to examine the inhibition sensitivity of different point mutants of highly conserved amino acid residues. By
this means, we found a stretch within the cytosolic moiety of the TMa5 that is a probable pore-forming domain. Moreover, using
a citrate-insensitive AtALMT9 mutant and biochemical approaches, we could demonstrate that AtALMT9 forms a multimeric
complex that is supposedly composed of four subunits. In summary, our data provide, to our knowledge, the ﬁrst evidence
about the structural organization of an ion channel of the ALMT family. We suggest that AtALMT9 is a tetramer and that the
TMa5 domains of the subunits contribute to form the pore of this anion channel.
The transport of ions across cellular membranes is
mediated by specialized proteins that catalyze the
transfer of charged molecules across hydrophobic lipid
bilayers. Based on the thermodynamics, two major
classes of transport systems can be distinguished: (1)
passive transporters such as ion channels, which cat-
alyze the ﬂux of solutes down the electrochemical
gradient, and (2) active transporters like pumps and
antiporters, which transport molecules against their
electrochemical gradient. Independent of the nature of
the transport system, the ﬂux of ions across mem-
branes is crucial for a wide range of physiological
functions in plants. Among others, ion transport is
involved in intracellular pH regulation, metal toler-
ance, stomatal movement, cellular signaling, plant
nutrition, and cell expansion (Roelfsema and Hedrich,
2005; Kim et al., 2010; Barbier-Brygoo et al., 2011).
Despite the importance of anion transport in plant
physiology, only in the last decade has the molecular
identity of anion transport proteins started to be
unveiled by identifying the chloride channel (CLC),
slow anion channel (SLAC), and aluminum-activated
malate transporter (ALMT) families. Their discovery
has been a fundamental breakthrough in understand-
ing the molecular mechanisms of anion homeostasis
and its roles in various aspects of plant cell physiology
(Ward et al., 2009; Barbier-Brygoo et al., 2011; Hedrich,
2012; Martinoia et al., 2012).
The CLC family consists of both anion channels and
secondary active transporters, which are ubiquitously
expressed in all living organisms. In Arabidopsis
(Arabidopsis thaliana), the ﬁrst identiﬁed and character-
ized member of the family was AtCLCa (Hechenberger
et al., 1996; Geelen et al., 2000). AtCLCa is targeted to
the tonoplast and acts as a 2NO3
2/H+ antiporter (De
Angeli et al., 2006). In planta, AtCLCa represents a
major vacuolar nitrate transporter driving the accu-
mulation of this anion into the vacuole. Subsequent
studies revealed that all other Arabidopsis CLCs are
likewise localized in intracellular membranes but fea-
ture different cellular functions (Barbier-Brygoo et al.,
2011).
The SLAC protein family was identiﬁed in the last
decade (Negi et al., 2008; Vahisalu et al., 2008). Despite
its recent discovery, the characterization of this plant
anion transporter family proceeded rapidly (Negi
et al., 2008; Vahisalu et al., 2008; Geiger et al., 2009,
2010; Brandt et al., 2012). SLAC1, the ﬁrst identiﬁed
member of the family, is involved in slow-type anion
currents across the plasma membrane of plant cells
(Negi et al., 2008; Vahisalu et al., 2008). This ion
channel is expressed in guard cells, where it mediates
the efﬂux of anions into the apoplast, a process that is
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fundamental for stomata closure. SLAC1 regulates the
stomatal aperture in response to different stimuli such
as abscisic acid and high CO2 and ozone concentra-
tions (Negi et al., 2008; Vahisalu et al., 2008). In addi-
tion, the activity of SLAC1 is controlled by different
kinases (Geiger et al., 2009, 2010) that are part of var-
ious signaling pathways. This multiple regulation of
SLAC1 suggests that it plays a critical role in the in-
tegration of different environmental stimuli.
ALMTs are membrane proteins exclusive to plants.
In Arabidopsis, this family consists of 14 members
that can be grouped into three clades (Kovermann
et al., 2007). The ﬁrst member of the ALMT family,
TaALMT1, was identiﬁed in wheat (Triticum aestivum)
by Sasaki et al. (2004) when screening for genes asso-
ciated with aluminum resistance. They provided evi-
dence that TaALMT1 as well as AtALMT1, its
homolog in Arabidopsis, are channels that catalyze the
efﬂux of malate across the plasma membrane of root
cells (Yamaguchi et al., 2005; Hoekenga et al., 2006).
This exudation of organic acids into the soil facilitates
the detoxiﬁcation of environmental Al3+. Besides con-
tributing to Al3+ tolerance, ALMTs have been found
to exhibit other important physiological functions.
AtALMT12 has been proposed to mediate rapid anion
currents across the plasma membrane of guard cells in
order to induce stomata closure (Meyer et al., 2010).
AtALMT9 and AtALMT6 have been shown to be
channels localized in the tonoplast that mediate the
export of malate into the vacuole (Kovermann et al.,
2007; Meyer et al., 2011). AtALMT6 is predominantly
expressed in guard cells, where its activity is regulated
by cytosolic Ca2+ and vacuolar pH (Meyer et al., 2011).
In contrast, AtALMT9 is widely expressed in several
plant tissues, such as the mesophyll and guard cells.
Recently, AtALMT9 was shown to play a crucial role
in stomata movement, where it functions as a malate-
activated chloride channel (De Angeli et al., 2013).
The knowledge about ion channel structures has
expanded considerably in the last 20 years. Notably,
various three-dimensional structures of such proteins
have been solved (Choe, 2002; Jentsch, 2008; Traynelis
et al., 2010). This has boosted the research into and
the understanding of structure-function relations in
transport systems. Among the anion channel families
described above, the structure has been determined for
CLCs (Dutzler et al., 2002) and SLACs (Chen et al.,
2010). Additionally, large structure-function analyses
have been conducted, providing detailed knowledge
on the molecular basis underlying the ion channel
functionality of these families. In contrast, little infor-
mation was revealed about the structure of ALMTs by
describing an important phosphorylation site (Ligaba
et al., 2009; Furuichi et al., 2010) and by providing data
on the topology (Motoda et al., 2007; Dreyer et al.,
2012). However, the proposed models in these studies
do not entirely coincide regarding the number of
transmembrane-spanning domains, the cellular orien-
tation of the N terminus, and the organization of the
C-terminal domain. Therefore, the structural organiza-
tion of ALMTs is still ambiguous.
In this study, we performed a large-scale mutagen-
esis analysis of the transmembrane domain (TMD)
of Arabidopsis ALMTs using the vacuolar channel
AtALMT9 as a model. The aim was to identify regions
of the TMD that potentially exhibit functional rele-
vance by forming the pore or the voltage sensor. For
that purpose, we took advantage of citrate, which we
identiﬁed as an open channel blocker of AtALMT9.
The use of this blocker allowed elucidation of the
structural details of ion channels, such as the quater-
nary organization and pore-forming domains, when
no crystal structure was available (MacKinnon, 1991;
Yellen et al., 1991; Ferrer-Montiel and Montal, 1996;
Linsdell, 2005). By this means, it is possible to show,
for instance, that potassium channels are tetramers and
to identify their “selectivity ﬁlter” domain (MacKinnon
and Yellen, 1990; MacKinnon, 1991). Thus, by using
citrate, we pharmacologically investigated structure-
function relations in AtALMT9. We identiﬁed a region
adjacent to and within the ﬁfth putative TMD that is
supposedly involved in forming the permeation
pathway of AtALMT9. Moreover, we demonstrated
that AtALMT9 is a multimeric channel of probably
four subunits in which the monomers participate in
forming the pore.
RESULTS
Citrate Inhibits AtALMT9-Mediated Malate Currents
Blocking agents represent a common tool as reporter
molecules to analyze functional and structural features
of ion channels. In an attempt to disclose a blocker of
the vacuolar channel AtALMT9, we were guided by a
previous ﬁnding in which citrate was suggested to
competitively inhibit malate uptake across the tono-
plast (Rentsch and Martinoia, 1991). In order to test
whether citrate is a blocker of AtALMT9, we isolated
vacuoles from transiently transformed tobacco (Nico-
tiana benthamiana) protoplasts that overexpressed
AtALMT9-GFP (OE AtALMT9). We used the patch-
clamp technique to measure macroscopic currents
mediated by AtALMT9 in the cytosolic-side-out ex-
cised patch conﬁguration (Fig. 1). To avoid rectiﬁca-
tion due to ion concentration gradients between the
two sides of the patched membrane, we performed
experiments in symmetric ionic conditions (100 mM
malatevac/100 mM malatecyt). Patches obtained from
OE AtALMT9 tobacco vacuoles displayed inward-
rectifying malate currents with time-dependent relax-
ations and a mean amplitude of 21.44 6 0.51 nA at
2120 mV, as reported in previous studies (Fig. 1A;
Table I; Kovermann et al., 2007; for convention details
regarding the applied voltage, see “Materials and
Methods”). Even though citric acid is to 97% a tri-
carboxylate at pH 7.5 and exhibits similarities to the
dicarboxylate malate (Fig. 1B), we could not detect a
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Figure 1. Citrate is a blocker of AtALMT9-mediated malate currents. A, Typical time-dependent currents from excised
cytosolic-side-out patches obtained from AtALMT9-overexpressing tobacco vacuoles in symmetric malate conditions (100 mM
malatevac/100 mM malatecyt). Currents were evoked in response to 3-s voltage pulses ranging from +60 mV to 2120 mV in
20-mV steps, followed by a tail pulse at +60 mV, with a holding potential at +60 mV. B, Molecular structure of L-malate (MA)
and citrate (CA) acids. C, Reversible inhibition of AtALMT9WT currents by 10 mM citratecyt. Normalized current-voltage curves
were obtained with a voltage ramp (from +60 to 2160 mV in 1.5 s) in cytosolic control solution (ctrl; 100 mM malatecyt) and
after adding 10 mM citratecyt (100 mM malatecyt + 10 mM citratecyt). The gray line indicates the recovery in control cytosolic
solution. D and E, Ratios between currents recorded in control and citratecyt-containing solutions (ICA/Ictrl) when using different
citratecyt concentrations (n = 4–5). E, Dose-response curves for citratecyt at different potentials. Solid lines are fits obtained with
Equation 1. F, Voltage dependency of the Kd
citrate. Solid lines correspond to data fitted with Equation 3. G, Representative current
recording of a kick-out experiment on AtALMT9-meditated current. The currents were evoked using the voltage pulse protocol
shown above the current traces. After the 3-ms pulse at +60 mV, a transient decrease of the current is observable in the presence
of 10 mM citratecyt (black trace inset). In contrast, in cytosolic control solution (gray trace inset), no transient decrease is
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signiﬁcant permeation of citrate through AtALMT9
(Icitrate/Imalate = 5% 6 5%; Supplemental Fig. S1A), as
shown for BnALMT1 and BnALMT2 (Ligaba et al.,
2006). However, when 10 mM citrate was applied at the
cytosolic side (100 mM malatevac/100 mM malatecyt + 10
mM citratecyt), AtALMT9 malate currents were revers-
ibly inhibited to residual 37% 6 5% of the original
current at 2160 mV (Fig. 1C). The inhibition of the ion
ﬂux induced by citratecyt was dose and voltage de-
pendent (Fig. 1, D and E). Notably, the inhibitory effect
of citratecyt on AtALMT9-mediated currents occurred
more pronouncedly at more negative membrane
potentials (Fig. 1, C and D). However, the inhibition by
citratecyt did not change the voltage dependency of the
relative open probability of the channel (Supplemental
Fig. S1B). This implies that citratecyt inhibition does not
originate from a shift in channel gating toward more
negative membrane potentials. When further analyzing
the dose response of citratecyt inhibition at different ap-
plied potentials, we found that the dissociation constant
of citratecyt (Kd
citrate; 5.1 6 0.3 mM at 2160 mV) was
voltage dependent (Fig. 1, E and F). This ﬁnding indi-
cates that the inhibiting anion citrate experiences the
applied transmembrane electrical ﬁeld. Consequently,
we could estimate that citrate penetrates approximately
17% of the applied transmembrane electrical ﬁeld
(Woodhull, 1973). This, in turn, suggests that the inter-
action between citrate and the channel occurs within the
membrane-spanning domain of AtALMT9 and possibly
within the conduction pathway.
Figure 1. (Continued.)
observable. H, Crossing of the tail currents at +30 mV in control conditions (gray trace) and in the presence of 10 mM citratecyt
(black trace). AtALMT9 currents were elicited by an activating prepulse at 2100 mV for 2 s followed by a tail pulse at +30 mV
(1 s), as depicted above the current traces. The holding potential was set to +60 mV. Error bars represent SD.
Table I. Properties of wild-type and mutant AtALMT9 channels expressed in tobacco
Data are presented as means 6 SD.
chunK-Sample I(nA) at 2120 mVa No. of Experiments Conductive Icitrate/Ictrl at 2160 mV
b Kd
citrate at 2160 mVc Rectification Rated
mM
Untransformed 20.06 6 0.03 3 No – – –
AtALMT9WT 21.44 6 0.51**** 11 Yes 0.37 6 0.05 5.1 6 0.3 0.19 6 0.03
K87E 21.52 6 0.30** 4 Yes 0.59 6 0.03**** 16.2 6 2.3 0.22 6 0.02
K87R 20.92 6 0.06*** 3 Yes 0.39 6 0.04 – –
K93E 20.11 6 0.04 5 No – – –
K93A 20.07 6 0.03 4 No – – –
K93N 20.09 6 0.04 3 No – – –
K93R 20.80 6 0.42* 4 Yes – – –
E130A 20.07 6 0.01 3 No – – –
E130D 21.28 6 0.15**** 5 Yes – – –
E130K 20.13 6 0.07 4 No – – –
K139E 21.1 6 0.15** 3 Yes 0.42 6 0.04 – 0.16 6 0.01
R143E 20.10 6 0.07 3 No – – –
R143N 20.09 6 0.06 3 No – – –
K187E 20.09 6 0.08 3 No – – –
K187N 20.07 6 0.04 4 No – – –
K193E 21.46 6 0.62** 7 Yes 0.99 6 0.02**** – 0.50 6 0.09***
K193A 21.75 6 0.25**** 5 Yes 0.82 6 0.02**** – 0.24 6 0.03*
K193N 20.63 6 0.14* 3 Yes 0.83 6 0.03**** – 0.29 6 0.06*
K193R 20.94 6 0.43* 4 Yes 0.39 6 0.04 – 0.16 6 0.04
E196A 20.87 6 0.26*** 6 Yes 0.39 6 0.06 – –
R200N 21.43 6 0.58** 5 Yes 0.86 6 0.04**** – 0.18 6 0.05
R200E 20.12 6 0.05 3 No – – –
R200K 20.62 6 0.12* 3 Yes 0.38 6 0.03 – 0.21 6 0.02
R215E 20.07 6 0.03 3 No – – –
R215N 20.69 6 0.27* 4 Yes 0.37 6 0.04 – 0.14 6 0.01**
R226E 20.09 6 0.06 3 No – – –
R226N 20.14 6 0.08 4 No – – –
K93E/E130K 21.30 6 0.27* 3 Yes 0.37 6 0.02 – –
aCurrent measured in 100 mM malatecyt/100 mM malatevac. Asterisks indicate statistically significant differences from untransformed tobacco (*P ,
0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001; two-tailed Student’s t test). bRatio between the current measured in 100 mM malatecyt + 10 mM
citratecyt and the current measured in 100 mM malatecyt. Asterisks indicate statistically significant differences from AtALMT9WT (****P, 0.0001; two-
tailed Student’s t test). cKd
citrate determined with Equation 1. dRectification rate measured as described in the text. Asterisks indicate statis-
tically significant differences from AtALMT9WT (*P , 0.05, **P , 0.01, ***P , 0.001; two-tailed Student’s t test).
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To obtain direct evidence that citrate acts as an open
channel blocker by interacting with the pore of
AtALMT9, we investigated whether citrate binds to
the activated channel. In a ﬁrst step, we performed
“kick-out experiments” (Becker et al., 1996; Fig. 1G).
This approach is based on the reversible dissociation of
citrate from its binding site when applying a short
voltage pulse to the activated AtALMT9 channel
at which citratecyt was shown to no longer effectively
block AtALMT9 (i.e. Vm $ 0 mV; Fig. 1C). The “kick-
out pulse” was transient and adjusted in order to not
inﬂuence the voltage-dependent gating of the channel
(Fig. 1G). Consequently, the proportion of channels in
an open conﬁguration was stable during and after the
kick-out pulse. Therefore, effects on the current after
the kick-out pulse did not originate from effects on the
channel gating but from reversible pore blocking.
During the kick-out experiments, we ﬁrst activated the
channels with a voltage pulse at 2140 mV for 2 s.
Subsequently, we stepped for 3 ms to a positive
membrane potential (+60 mV) and then restored the
membrane potential to 2140 mV again (Fig. 1G).
When this protocol was applied in the presence of the
cytosolic control buffer (100 mM malatecyt), the 3-ms
pulse to +60 mV did not induce any signiﬁcant channel
closure, since the current levels before and immedi-
ately after the pulse were indistinguishable (Fig. 1G,
gray trace inset). Differently, when applying the same
protocol in the presence of 10 mM citratecyt, the 3-ms
pulse at +60 mV was followed by a transient increase
of the current that relaxed rapidly to the prepulse
current amplitude (the time constant of the current
relaxation is t = 11.5 6 0.4 ms at 2140 mV; Fig. 1G,
black trace inset). This fast relaxation after the kick-out
pulse reﬂected the reversible binding kinetic of citrate
to the channel. Thus, the results conﬁrmed that citrate
is capable of blocking AtALMT9 by binding to the
open channel conﬁguration. Concurrently, as expected
for channels blocked in the open conﬁguration, deac-
tivating tail currents relaxed more slowly in the pres-
ence of citratecyt than in its absence because of the
dissociation of the blocking agent prior to closure of
the channel. Hence, the application of an open channel
blocker like citrate generates a typical crossover of the
tail currents (Clay, 1995; Fig. 1H). Taken together,
these data strongly indicate that citrate is an open
channel blocker and that its inhibitory effect is
likely due to a block of the conduction pathway of
AtALMT9.
Effects of Positively and Negatively Charged Amino Acid
Residues on Pore Conductivity
Despite the fact that ALMT proteins are known and
have been studied for many years, few experimental
data are available on the structure-function level
(Motoda et al., 2007; Furuichi et al., 2010; Mumm et al.,
2013). In particular, no study was conducted to in-
vestigate the TMD of ALMTs so far. Based on in silico
analyses (http://aramemnon.botanik.uni-koeln.de),
AtALMT9 is predicted to consist of a TMD at the
N terminus and a soluble C-terminal domain encom-
passing roughly half of the protein. The TMD is pre-
dicted to be formed by six putative transmembrane
a-helices, whereby the N terminus exhibits an intra-
cellular orientation (TMa1–TMa6; Fig. 2A). However,
other arrangements, such as an inverse inside-outside
structure or more a-helices, were also proposed
(Motoda et al., 2007; Dreyer et al., 2012). We performed
a multiple alignment throughout all members of the
ALMT family in Arabidopsis and identiﬁed several
conserved or partially conserved amino acids within
the TMD (Fig. 2B; Supplemental Fig. S2). We focused
predominantly on positively charged residues, since
they were often found to be relevant for functional
elements of ion channels (pore and voltage sensor;
Linsdell, 2005; Catterall, 2010). Interestingly, in line
with the positive-inside rule (von Heijne and Gavel,
1988), the cytosolic-facing moiety of AtALMT9 exhibits
a higher number of positively charged residues com-
pared with the vacuolar moiety. While eight positively
charged residues (three Arg and ﬁve Lys residues) are
located at the cytosolic moiety, only three conserved
positive residues face the vacuolar side (Fig. 2, A and
B). To analyze the role of these residues in the TMD of
AtALMT9, we substituted them by site-directed mu-
tagenesis and monitored the effects of the mutation at
a functional level (Fig. 2, D and E; Table I).
We transiently expressed the AtALMT9-GFP
mutant channels in tobacco and ﬁrst analyzed their
intracellular localization by confocal laser scanning
microscopy to verify whether the introduced point
mutations resulted in a mistargeting of the protein.
Interestingly, none of the mutations had an effect on the
vacuolar targeting of the AtALMT9 channel (Fig. 2C;
Supplemental Fig. S3). Subsequently, we analyzed the
functionality of the mutated derivatives of AtALMT9
by performing patch-clamp analysis under the same
experimental conditions as described above (Fig. 1A).
The analysis revealed that the individual residues
impacted differently on channel functionality. The re-
moval of the positive charge of conserved Lys and Arg
residues and the negative charge of the conserved Glu
predicted to be inside the TMDas (Lys-93, Glu-130,
Arg-143, Lys-187, and Arg-226) resulted in a loss
of conductivity (Fig. 2, D and E; Table I). On the
contrary, substituting other conserved positively and
negatively charged residues predicted to be in the
loops between the TMDas (Lys-87, Lys-139, Lys-193,
and Glu-196) apparently did not affect the functional-
ity of AtALMT9. In fact, patches from vacuoles trans-
formed with these mutants presented time-dependent
inward-rectifying currents with amplitudes that are
reminiscent of those observed for AtALMT9WT (Figs.
1A and 2, D and E; Table I). Interestingly, the mutation
of the two amino acids Arg-200 and Arg-215, the
charge of which is not entirely conserved among the
Arabidopsis ALMTs, affected the functionality of
AtALMT9 dependent on the introduced residue. When
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Arg-200 and Arg-215 were substituted with an Asn
(AtALMT9R200N and AtALMT9R215N), we observed time-
dependent inward-rectifying currents comparable to
AtALMT9WT (Table I; Supplemental Fig. S4, A and C).
However, the introduction of a negatively charged
residue like Glu (AtALMT9R200E and AtALMT9R215E) led
to nonfunctional channels (Table I; Supplemental Fig.
S4, A and C). In summary, we observed three different
effects on AtALMT9 channel functionality when mu-
tating conserved charged residues. Four of the mu-
tations we introduced induced a loss of conductivity,
indicating that these residues were essential for the
functionality of the channel. Furthermore, mutation of
the cytosolic-facing residues did not inﬂuence channel
functionality, whereas a third set of mutations resulted
in a phenotype that was dependent on the introduced
charge.
TMa1 and TMa2 Are Connected by a Salt Bridge
The analysis of the primary sequence alignment
revealed two conserved charged residues arousing our
interest. Lys-93 and Glu-130 are located within TMa1
and TMa2, respectively (Fig. 2, A and B). In the
hydrophobic environment of membranes, unitary
charges need to be stabilized by an interaction with a
solvent and/or with an opposite charge (Perutz, 1978).
When Glu-130 was replaced by an Ala or a Lys
(AtALMT9E130A or AtALMT9E130K), the channel was non-
conductive, similar to AtALMT9K93A and AtALMT9K93E
(Fig. 3; Table I). However, channels harboring conserva-
tive mutations in which the respective charge was kept
(AtALMT9K93R and AtALMT9E130D) displayed inward
currents comparable to AtALMT9WT (Table I). Thus,
we hypothesized that the two charged residues
Figure 2. Impact of the mutation of conserved residues on AtALMT9 functionality. A, The TMD of AtALMT9 is predicted to be
formed by six putative transmembrane a-helices (TMa1–TMa6) with the N terminus being located in the cytosol. The model
illustrates the location of the amino acids targeted by site-directed mutagenesis (red stars). B, Multiple alignment of AtALMT9
with representative AtALMT proteins (AtALMT1, AtALMT6, and AtALMT12). The alignment was conducted with the Jalview
software (Waterhouse et al., 2009). The black boxes indicate the predicted TMas of AtALMT9. The conserved amino acids used
for mutagenesis are displayed in red (positively charged residues) and in blue (negatively charged residues). C, Fluorescence
and transmission images of vacuoles released from lysed tobacco mesophyll protoplasts transiently overexpressing AtALMT9WT-GFP,
AtALMT9K93E-GFP, and AtALMT9K193E-GFP imaged by confocal laser scanning microscopy. Bars = 10 mm. D, Representative
current recordings of excised cytosolic-side-out patches of untransformed vacuoles as well as vacuoles overexpressing
AtALMT9WT, AtALMT9K93E, and AtALMT9K193E. Currents were evoked in response to 3-s voltage pulses ranging from +60 to
2120 mV in 20-mV steps followed by a tail pulse at +60 mV. E, Mean current-voltage curves of untransformed vacuoles (red
bars; n = 3), AtALMT9WT (white circles; n = 11), AtALMT9K93E (white squares; n = 5), and AtALMT9K193E (black squares; n =
7). In D and E, AtALMT9 currents were recorded in symmetric ionic conditions (100 mM malatevac/100 mM malatecyt). The
holding potential was set to +60 mV. Error bars denote SD.
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Lys-93 and Glu-130 could interact to form a salt bridge.
To test this assumption, we generated a double mu-
tant, AtALMT9K93E/E130K, in which the charges of the
amino acids Lys-93 and Glu-130 were exchanged. As-
tonishingly, the doubly mutated channel was func-
tional and exhibited electrophysiological properties
similar to AtALMT9WT (Fig. 3). AtALMT9K93E/E130K
mediated currents with time-dependent relaxations
and a mean amplitude of21.30 6 0.27 nA at2120 mV
(Fig. 3B; Table I). Moreover, the double mutant was
inhibited by citrate, as demonstrated for the AtALMT9WT
channel (Table I; Supplemental Fig. S5). These results
indicate that the positively charged Lys-93 and the neg-
atively charged Glu-130 connect TMa1 and TMa2 by a
salt bridge that is essential for the functionality of the
channel.
Identiﬁcation of Positively Charged Residues That Are
Part of the Ion Conduction Pathway in AtALMT9
To investigate whether the mutated amino acids are
possibly involved in forming the interaction site be-
tween citrate and the channel, we determined the
sensitivity of the conductive AtALMT9 point mutants
to citrate. The four charged residues Lys-87, Lys-139,
Glu-196, and Arg-215 are located in the cytosolic loops
next to TMa1, TMa2, and TMa5 and at the vacuolar-
facing moiety of TMa5, respectively (Fig. 2, A and B).
The channel derivatives AtALMT9K87E, AtALMT9K139E,
AtALMT9E196A, and AtALMT9R215N showed a moder-
ate or no signiﬁcant decrease in citratecyt inhibition
compared with AtALMT9WT [(Icitrate/Ictrl)
WT =
0.37 6 0.05, (Icitrate/Ictrl)
K87E = 0.59 6 0.03, (Icitrate/
Ictrl)
K139E = 0.42 6 0.04, (Icitrate/Ictrl)
E196A = 0.39 6
0.06, and (Icitrate/Ictrl)
R215N = 0.37 6 0.04 at 2160 mV;
Fig. 4C; Table I]. In marked contrast, substitution of the
residues Lys-193 and Arg-200, which reside at the
cytosolic loop between TMa4 and TMa5 or within TMa5,
respectively, reduced the citratecyt blockade efﬁciency
dramatically [(Icitrate/Ictrl)
K193N = 0.83 6 0.03 at 2160 mV
and (Icitrate/Ictrl)R200N = 0.86 6 0.04 at 2160 mV; Fig. 4;
Table I]. Since the substitution R200E resulted in a non-
functional channel, the effect of a negatively charged
residue at this amino acid position could not be investi-
gated. Nevertheless, the mutation K193E, which intro-
duced a Glu, provided a conductive channel but caused
a complete loss of citratecyt inhibition (Icitrate/Ictrl = 0.99 6
0.02 at 2160 mV; Fig. 4, A and C). In addition, when
performing kick-out experiments with the citrate-
insensitive mutants AtALMT9K193E and AtALMT9R200N,
the kick-out pulse was not followed by fast-relaxing
current transients (Supplemental Figs. S1D and S4B).
Since the transient current relaxation is due to the rapid
dissociation and subsequent binding of citratecyt to the
open channel conﬁguration of AtALMT9WT, its absence
provided evidence that citratecyt was not able to in-
teract with the AtALMT9K193E and AtALMT9R200N
mutant channels and did not enter the TMD in these
mutants. In contrast, the citrate-sensitive channel
AtALMT9R215N, which possesses a substitution at the
vacuolar-facing part of the membrane, exhibited a
transient current relaxation comparable to the wild-type
channel after applying a kick-out pulse (Supplemental
Fig. S4D).
Taken together, these results indicate that the posi-
tively charged residues Lys-193 and Arg-200, which
are located adjacent to or within TMa5, are involved in
mediating the interaction of citrate with AtALMT9.
Considering the fact that citrate acts as an open
channel blocker, the data suggest that Lys-193 and
Arg-200 are part of the ion conduction pathway of
AtALMT9. To further conﬁrm the pore-forming fea-
ture of the two residues and TMa5, we explored the
functional properties of the conductive AtALMT9
mutants by analyzing the “open channel rectiﬁcation.”
This parameter directly reﬂects the properties of the
conduction pathway itself, excluding rectiﬁcation ef-
fects based on voltage-dependent gating. To quantify
the open channel rectiﬁcation of AtALMT9WT and its
derivatives, we made used of the rectiﬁcation rate co-
efﬁcient (Linsdell, 2005). This coefﬁcient is deﬁned as
the ratio between the conductance measured at the end
of the activation pulse at 2120 mV and the conduc-
tance measured at the beginning of the tail pulse at
+60 mV (for details, see “Materials and Methods”). The
rectiﬁcation ratio of AtALMT9WT was 0.19 6 0.03, in-
dicating that the conduction pathway of this channel
had intrinsic inward rectiﬁcation properties. Strik-
ingly, we observed that the citrate-insensitive channel
Figure 3. The conserved residues Lys-93 and Glu-130 form a salt
bridge within the TMD of AtALMT9. A, Excised cytosolic-side-out
current recordings from tobacco vacuoles overexpressing AtALMT9K93E,
AtALMT9E130K, and the double mutant AtALMT9K93E/E130K. Currents were
evoked in response to 3-s voltage pulses ranging from +60 to 2120 mV
in 20-mV steps followed by a tail pulse at +60 mV. B, Mean current-
voltage curves of malate currents mediated by AtALMT9WT (white circles;
n = 11), AtALMT9K93E/E130K (black diamonds; n = 3), AtALMT9K93E (white
squares; n = 5), and AtALMT9E130K (black circles; n = 3). Currents were
recorded in symmetric conditions (100 mM malatevac/100 mM malatecyt).
The holding potential was set to +60 mV. Error bars represent SD.
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AtALMT9K193E, which was mutated in an amino acid
residue of the pore region, and AtALMT9R215N, which
harbors a mutation within TMa5, exhibited an altered
rectiﬁcation ratio compared with AtALMT9WT (Table I).
AtALMT9K193E showed a markedly increased rectiﬁca-
tion ratio of 0.50 6 0.09, whereas AtALMT9R215N
exhibited a lower rectiﬁcation ratio (0.14 6 0.01). The
different rectiﬁcation rates of AtALMT9K193E and
AtALMT9R215N indicate that the mutated residues are
involved in conferring rectiﬁcation characteristics to
the pore of AtALMT9. Hence, it is likely that Lys-193
and Arg-215 are involved in forming the conduction
pathway. In summary, we could observe alterations in
citrate block sensitivity and open channel rectiﬁcation
when analyzing the properties of the conductive mu-
tant channels. We identiﬁed three positively charged
residues preceding TMa5 or within TMa5 (Lys-193,
Arg-200, and Arg-215) that fundamentally contribute
to the functionality of the conduction pathway of
AtALMT9.
AtALMT9 Is a Multimeric Anion Channel
Composed of Four Subunits
The discovery of the mutant channel AtALMT9K193E,
which is characterized by complete insensitivity to
Figure 4. Variable effects of mutations of conserved AtALMT9 residues on citrate blockade. A, Normalized current-voltage curves
of the mutants AtALMT9K193E, AtALMT9K193N, AtALMT9R200N, and AtALMT9R215N in control conditions (ctrl) and in the presence of
10 mM citratecyt (CA) obtained with a voltage ramp (from +60 mV to 2160 mV in 1.5 s). B, Ratio between the control currents and
the residual currents after inhibition with 10 mM citratecyt (ICA/Ictrl). Depicted are AtALMT9K193E (squares; n = 4), AtALMT9K193N
(diamonds; n = 4), AtALMT9R200N (inverted triangles; n = 4), AtALMT9R215N (triangles; n = 3), and AtALMT9WT (circles; n = 4). C,
Ratios of the currents of different AtALMT9 mutants before and after the application of 10 mM citratecyt (ICA/Ictrl; n = 3–5) at2160 mV.
Currents were measured in symmetric conditions (100 mM malatevac/100 mM malatecyt). Asterisks indicate statistically significant
differences from AtALMT9WT (****P , 0.0001; two-tailed Student’s t test). Error bars denote SD.
Plant Physiol. Vol. 163, 2013 837
The Pore Domain of the Multimeric Vacuolar Channel AtALMT9
63
citrate inhibition, provides the opportunity to investi-
gate whether AtALMT9 is a monomeric or a multi-
meric channel (MacKinnon, 1991; Kosari et al., 1998).
If AtALMT9 is a monomer, a co-overexpression of
AtALMT9WT and AtALMT9K193E would not inﬂuence
the Kd
citrate. In contrast, in case AtALMT9 functions as a
multimeric complex, the heteromultimeric hybrids of
AtALMT9WT and AtALMT9K193E would exhibit an al-
tered sensitivity to citratecyt. Therefore, the presence of
heteromultimers would result in a shift in Kd
citrate. We
performed experiments in which we coinﬁltrated to-
bacco leaves with a mixture of two Agrobacterium
tumefaciens strains carrying plasmids with the se-
quence of either AtALMT9WT or AtALMT9K193E in dif-
ferent ratios (1:1 and 1:4). First, we veriﬁed the
transcription levels of AtALMT9WT and AtALMT9K193E
after coinﬁltration. When inﬁltrating leaves with a 1:1
ratio of the two A. tumefaciens strains, we observed that
50.1% 6 9.2% of the AtALMT9 transcripts were of
wild-type origin and 49.9% 6 9.2% were the mutant
sequence. Similarly, when coinﬁltrating tobacco leaves
with the two A. tumefaciens strains in a ratio of 1:4, we
found that 15% 6 13% of the AtALMT9 transcripts
were the wild-type sequence and 85% 6 13% showed
the sequence of AtALMT9K193E (Fig. 5A). Thus, using
these A. tumefaciens mixtures, we were able to coex-
press both AtALMT9 variants in tobacco in a ratio
corresponding to that of the inﬁltration mix. Sub-
sequently, we tested the citrate block sensitivity
of vacuoles co-overexpressing AtALMT9WT and
AtALMT9K193E in 1:1 and 1:4 ratios. As observed in
OE AtALMT9WT patches, the coexpression displayed
Figure 5. AtALMT9 forms homomultimeric complexes. A, Relative occurrence of AtALMT9WT and AtALMT9K193E transcripts in
leaves of tobacco coinfiltrated with a 1:1 and a 1:4 mixture of A. tumefaciens strains each carrying plasmids with the sequence
of one of the channel variants. Error bars represent SD of four biologically independent replicates (20 transcripts were analyzed
for each replicate). B, Representative normalized current-voltage curves obtained with a voltage ramp (from +60 to2160 mV in
1.5 s; the holding potential was +60 mV) measured in excised cytosolic-side-out patches from vacuoles coexpressing
AtALMT9WTand AtALMT9K193E at different ratios (left, AtALMT9WT:AtALMT9K193E = 1:1; right, AtALMT9WT:AtALMT9K193E = 1:4).
Currents were recorded in control conditions (ctrl) and in the presence of 10 mM citratecyt (CA). C, Dose-response curves for
citratecyt from vacuoles overexpressing AtALMT9WT (circles), AtALMT9K193E (squares), AtALMT9WT:AtALMT9K193E = 1:4 (triangles),
and AtALMT9WT:AtALMT9K193E = 1:1 (hourglass; n = 4–7). The data of AtALMT9WTwere fitted with Equation 1. Data of the 1:1 and
1:4 ratios were fitted with Equation 2. Error bars denote SD. D, Values of the Kd
citrate at Vm = 2160 mV derived from C. Currents
were recorded in symmetric conditions (100 mM malatevac/100 mM malatecyt). Error bars display SD. E, Immunoblot analysis of
microsomal proteins extracted from untransformed (control) and AtALMT9WT-overexpressing (AtALMT9-GFP) leaves of tobacco
using an anti-GFP antibody. In the top panel, the lane of protein extracts from AtALMT9-overexpressing leaves displays three
bands corresponding to monomeric (star; approximately 70 kD), dimeric (black circle; approximately 140 kD), and tetrameric
(white circle; approximately 280 kD) forms of the AtALMT9 protein complex. The bottom panel shows the corresponding
Ponceau S staining. WT, Wild type.
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malate currents that were blocked by citratecyt (Fig.
5B). Notwithstanding, the currents in vacuolar patches
co-overexpressing both AtALMT9 variants were less
sensitive to citratecyt than currents recorded in vacu-
oles only expressing AtALMT9WT and showed a shift
in Kd
citrate (Fig. 5C). The Kd
citrate was 6.6 6 0.6 mM and
10.4 6 1.2 mM for the 1:1 and 1:4 ratios, respectively,
thus representing 1.3- and 2.1-fold increases of Kd
citrate
compared with AtALMT9WT (Fig. 5D). This increase
of Kd
citrate in vacuoles simultaneously expressing
AtALMT9WT and AtALMT9K193E is in agreement with
a model in which both variants assemble to a hetero-
multimeric channel and citrate interacts with multiple
subunits. To further conﬁrm this ﬁnding, we per-
formed denaturing PAGE on microsomal proteins
extracted from transiently transformed tobacco leaves
that overexpressed AtALMT9-GFP (Fig. 5E). Using a
GFP-speciﬁc antibody, we detected AtALMT9-GFP
predominantly as an approximately 70-kD monomer.
This band was smaller than predicted based solely on
its formula molecular mass (93.5 kD) but was consis-
tent with an apparent reduction in protein size ob-
served under nonreducing conditions (Wittig and
Schägger, 2008). We identiﬁed two higher order com-
plexes in the absence of reducing agents and without
heating up the samples (Fig. 5E). These complexes
corresponded in size to an AtALMT9-GFP dimer (ap-
proximately 140 kD) and a tetramer (approximately
280 kD; Fig. 5E). Thus, these results provide evidence
that AtALMT9-GFP functions as a multimer in which
supposedly four subunits form the channel.
DISCUSSION
The usage of blockers and the analysis of their ef-
fects on different site-speciﬁc mutants have allowed
the development of structural models of ion chan-
nels when the crystal structures were not solved
(MacKinnon, 1991; Yellen et al., 1991; Linsdell, 2005).
Due to the absence of detailed data about the structure
of ALMTs, the only available information comes from
in silico predictions and a few structure-function
studies (Motoda et al., 2007; Ligaba et al., 2009;
Furuichi et al., 2010; Mumm et al., 2013). Hence, the
exact topology of ALMT proteins is not yet unam-
biguously determined (Motoda et al., 2007; Dreyer
et al., 2012). Nonetheless, on the basis of software
predictions and the existing data, Arabidopsis ALMT
channels are likely to be formed by an N-terminal
TMD constituted of six membrane-spanning helices
with the N-terminal and the C-terminal domains fea-
turing an intracellular orientation (Fig. 2A; Kovermann
et al., 2007; http://aramemnon.botanik.uni-koeln.de).
Using in silico analysis, Piñeros et al. (2008) suggested
that the TMD is involved in forming the permeation
pathway. Nevertheless, the few structure-function
studies focused on the C-terminal domain of ALMT
proteins (Ligaba et al., 2009; Furuichi et al., 2010;
Mumm et al., 2013). Because of the complete lack of
experimental data on the N-terminal TMD of ALMTs,
we performed a site-directed mutagenesis screen of
this region using AtALMT9.
We could identify the three residues Lys-193,
Arg-200, and Arg-215 as being important for channel
functionality and possibly as being part of the anion
conduction pathway. The mutation of Lys-193 and
Arg-200, which are localized at the cytosolic face of
AtALMT9, strongly impacted on both channel func-
tionality and citrate blockade. The channel variants
AtALMT9K193N and AtALMT9K193E display a strong
and progressive effect on citrate inhibition sensitivity,
resulting in a complete abolition of the open channel
blockade in AtALMT9K193E. Moreover, AtALMT9K193E
features an impaired open channel rectiﬁcation com-
pared with AtALMT9WT. Regarding position Arg-200,
the substitution into a Glu results in a nonconductive
channel (AtALMT9R200E), while the channel variant
AtALMT9R200N is functional but has strongly reduced
citrate block sensitivity. Differently, mutation of the
Figure 6. Model illustrating the block of AtALMT9 by cytosolic citrate. Cytosolic citrate inhibits AtALMT9 by acting as an open
channel blocker. This indicates that citrate enters the permeation pathway to block AtALMT9 currents. To exert its blocking
action, the trivalent anion citrate interacts electrostatically with the two positively charged residues Lys-193 and Arg-200. Lys-
193 and Arg-200 are located at the cytosolic side of the channel and are likely to participate in forming the pore entrance. The
vacuolar-facing Arg-215 is involved in the anion permeation process through AtALMT9 and, like Lys-193 and Arg-200, is part of
the same putative transmembrane helix (TMa5).
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residue Arg-215, as expected by its predicted vacuolar-
side localization, does not modify citrate inhibition.
However, AtALMT9R215N is impaired in its rectiﬁca-
tion ratio, suggesting that the mutated residue is in-
volved in the permeation process. Again, an exchange
of the electrical charge of the residue (R215E) results in
a nonconductive channel. Interestingly, the charge
conservative mutant channels of these three positions
(AtALMT9K193R, AtALMT9R200K, and AtALMT9R215K)
maintained the channel properties indistinguishable
from AtALMT9WT (Fig. 4C). Therefore, the interaction
of citrate with AtALMT9 is mainly electrostatic, and
Lys-193 and Arg-200 are key residues in forming the
citrate-binding site. When inhibiting AtALMT9 cur-
rents, citrate enters the TMD and penetrates 17% of the
applied electrical ﬁeld. Thus, combining this informa-
tion with the predicted location of Lys-193 and Arg-200,
it is likely that the binding site for citrate is placed at
the cytosolic entrance of the conduction pathway of
AtALMT9 (Fig. 6).
In addition, the results provided information about
the topology of the AtALMT9 TMD. Our experimental
data point toward an opposite orientation of ALMT
proteins compared with the models proposed by
Motoda et al. (2007) and Dreyer et al. (2012). Indeed,
the fact that the mutation of the cytosolic-facing resi-
dues Lys-87, Lys-193, and Arg-200 impairs citrate
block (Fig. 4; Supplemental Fig. S4) while the mutation
of the vacuolar-facing Arg-215 does not is in agree-
ment with the computer-based prediction of the to-
pology of AtALMT9, with an intracellular localization
of the N terminus and an orientation of the protein as
depicted in Figure 2. Moreover, this study demon-
strates that three residues (Lys-193, Arg-200, and
Arg-215) that are important in the anion permeation
process reside within TMa5 or in the short loop pre-
ceding it. TMa5 is predicted to span the entire mem-
brane, whereby Lys-193 and Arg-200 are located on the
opposite side of TMa5 than Arg-215 (Fig. 2). Hence, it is
tempting to speculate that TMa5 lines the whole
permeation pathway of AtALMT9, similar to what has
been previously observed in other ion channels (Hilf
and Dutzler, 2009; Hibbs and Gouaux, 2011).
Several introduced mutations of residues in the TMD
result in major defects on AtALMT9 conductivity re-
gardless of the chemical properties of the substitution
(Table I). This nonfunctionality prevents further inves-
tigations but suggests an essential structural role of these
residues. Nonetheless, we have identiﬁed the distinct
structural role of the residue Lys-93. Lys-93 is located
within TMa1 and is strictly conserved among different
ALMTs (Supplemental Fig. S2). We have demonstrated
that Lys-93 forms a salt bridge with another strictly
conserved residue in TMa2, Glu-130. This proves that
TMa1 and TMa2 are connected by a salt bridge that is
crucial for channel functionality. Similar observations of
a restored wild-type channel function when exchanging
the residues of a salt bridge have been made in the cystic
ﬁbrosis transmembrane conductance regulators (Cotten
and Welsh, 1999; Cui et al., 2013).
The concomitant ﬁnding of the pore blocker citrate
and the mutant channel AtALMT9K193E that features
abolished block sensitivity allowed investigation of
the oligomeric state of AtALMT9 (MacKinnon, 1991).
This is an intriguing opportunity, since, to our knowl-
edge, it is not known whether ALMTs present a mono-
meric or multimeric architecture. To distinguish between
these two possibilities, we coexpressed AtALMT9WT and
AtALMT9K193E and found that the sensitivity to citrate
was decreased and the Kd
citrate was shifted. These results
are consistent with a model in which AtALMT9 channels
form a multimeric complex and citrate interacts with
multiples of those subunits. Moreover, since citrate is an
open channel blocker interacting with the pore-forming
region, our data suggest that several AtALMT9 poly-
peptides participate in forming the anion conduction
pathway. This type of multimeric organization is shared
with several other families of ion channels like potassium
channels (MacKinnon, 1991), Glu receptors (Rosenmund
et al., 1998; Robert et al., 2001), and acid-sensing channels
(Kosari et al., 1998, 2006; Snyder et al., 1998). However,
due to the low afﬁnity of citrate, it is not possible to
apply saturating blocker concentrations that would have
allowed determination of the exact stoichiometry of
AtALMT9 complexes. Therefore, we used a biochemical
approach to provide evidence that AtALMT9 features a
multimeric organization. Our data suggest that AtALMT9
forms presumably tetrameric complexes, similar to
what has been found for potassium channels (Daram
et al., 1997; Doyle et al., 1998). These results are in line
with recent ﬁndings on AtALMT9, where the induc-
tion of chloride conductance by malate was shown to
exhibit a Hill coefﬁcient of 2.5, indicating that more
than two subunits are required to form a functional
channel (De Angeli et al., 2013).
One question that arises from this ensemble of re-
sults is whether the structural characteristics we de-
scribed for AtALMT9 are extendible to other members
of the ALMT family. We predominantly investigated
residues that are conserved among the family at least
in their electrical charge. Moreover, based on second-
ary structure prediction, the N-terminal TMD has a
remarkably conserved topology. Thus, it is probable
that the results concerning the structure found for one
ALMT are also valid for other members.
In conclusion, our work provides new molecular,
biochemical, and biophysical details about the TMD of
a member of the ALMT family. We identiﬁed a prob-
able pore-forming region of ALMT anion channels and
revealed that AtALMT9, and presumably also other
ALMTs, are multimeric complexes formed by four
subunits in which multiple subunits participate in the
formation of the conduction pathway.
MATERIALS AND METHODS
Site-Directed Mutagenesis
Arabidopsis (Arabidopsis thaliana) AtALMT9 complementary DNA was
cloned into the expression vector pART27 as described previously (Kovermann
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et al., 2007). The site-directed mutants were generated following the manufac-
turer’s instructions of the Quikchange Site-Directed Mutagenesis Kit (Agilent
Technologies) with slight modiﬁcations. All point mutations were veriﬁed by
sequencing.
Overexpression of AtALMT9-GFP in Tobacco
Agrobacterium tumefaciens (GV3101) was transformed with plasmids con-
taining the sequences of the AtALMT9WT channel and its point-mutated de-
rivatives by electroporation. The A. tumefaciens-mediated inﬁltration of
4-week-old tobacco (Nicotiana benthamiana) leaves was performed as described
previously with slight modiﬁcations (Yang et al., 2001). After transient
transformation, tobacco plants were grown in the greenhouse (16 h of light/8
h of dark, 25°C/23°C, 100–200 mmol photons m22 s21, 60% relative humidity)
for another 2 to 3 d and then used to isolate protoplasts for confocal laser
scanning microscopy and patch-clamp experiments.
Veriﬁcation of AtALMT9WT and AtALMT9K193E
Coexpression in Tobacco
A. tumefaciens strains harboring plasmids with either the sequence of
AtALMT9WT or AtALMT9K193E were coinﬁltrated into tobacco in a bacteria
ratio of 1:1 and 1:4 after deﬁning the optical density at 600 nm. Whole-leaf
RNA was extracted 2 to 3 d after transient transformation, and complemen-
tary DNA was subsequently synthesized. We ampliﬁed AtALMT9 via PCR
using a 20-mL reaction volume and the Phusion High-Fidelity DNA Poly-
merase (Thermo Scientiﬁc). PCR conditions were set as follows: 98°C for 2 min
in the ﬁrst cycle; subsequently, 30 ampliﬁcation cycles consisting of 10 s at
98°C, 20 s at 58°C, and 1.20 min at 72°C; the ﬁnal extension was 5 min at 72°C.
Subsequently, we cloned the PCR product into the pJet1.2/blunt cloning
vector (CloneJet PCR Cloning Kit; Thermo Scientiﬁc) and determined the
amount of AtALMT9WT and AtALMT9K193E transcripts by sequencing.
Microscopy
Intracellular localization of AtALMT9-GFP mutants was determined by
performing a lysis to release vacuoles of tobacco protoplasts overexpressing the
appropriate mutant channel construct. Microscopy was conducted using a
Leica DMIRE2 www.leica-microsystems.com laser scanning microscope that
was equipped with a 633 glycerol objective. GFP ﬂuorescence signal was
imaged at an excitation wavelength of 488 nm, and the emission was detected
between 500 and 530 nm. The appropriate Leica confocal software has been
used for image acquisition. The images in Supplemental Figure S3 were
obtained with an epiﬂuorescence microscope (Nikon Eclipse TS100) and ac-
quired with a digital camera (Nikon DS-Fi1).
Electrophysiology
Mesophyll protoplasts from AtALMT9-GFP-overexpressing tobacco leaves
were isolated by enzymatic digestion. The enzyme solution contained
0.3% (w/v) cellulase R-10, 0.03% (w/v) pectolyase Y-23, 1 mM CaCl2, 500 mM
sorbitol, and 10 mM MES, pH 5.3, 550 mosmol. Protoplasts were washed twice
and resuspended in the same solution without enzymes. Vacuoles were
released from mesophyll protoplast by the addition of 5 mM EDTA and a
slight osmotic shock (500 mosmol; see medium below). Transformed
vacuoles exhibiting an AtALMT9-GFP signal were selected using an epi-
ﬂuorescence microscope. Membrane currents from patches of the tonoplast
were recorded using the excised cytosolic-side-out patch-clamp technique as
described elsewhere (De Angeli et al., 2013). Brieﬂy, currents were recorded
with an EPC10 patch-clamp ampliﬁer (HEKA Electronics) using Patchmaster
software (HEKA Electronics). Data were analyzed with FitMaster software
(HEKA Electronics). In experiments on macroscopic current recordings, the
pipette resistance was 4 to 5 MV. Only patches presenting a seal resistance
higher than 2 GV were used to perform experiments. Macroscopic current
recordings were ﬁltered at 300 Hz.
The pipette solution contained 112 mM malic acid and 5 mM HCl and was
adjusted with BisTrisPropane (BTP) to pH 6. The osmolarity was adjusted
with sorbitol to 550 mosmol. The bath solution contained (1) 100 mM malic
acid, 3 mM MgCl2, and 0.1 mM CaCl2, adjusted to pH 7.5 with BTP; (2) 100 mM
malic acid, citric acid (2, 5, 10, or 30 mM), 3 mM MgCl2, and 0.1 mM CaCl2,
adjusted to pH 7.5 with BTP; and (3) 100 mM citric acid, 3 mM MgCl2, and
0.1 mM CaCl2, adjusted to pH 7.5 with BTP. The osmolarity was adjusted to
500 mosmol using sorbitol. All chemicals were purchased from Sigma-Aldrich.
Liquid junction potentials were measured and corrected when higher than
62 mV (Neher, 1992). Current-voltage characteristics were obtained by sub-
tracting the current at time zero from the quasistationary currents (averaging
the last 50 ms of the current trace) elicited by main voltage pulses. In all patch-
clamp experiments, the applied membrane potential (Vm) is presented
according to the convention for intracellular organelles of Bertl et al. (1992),
namely Vm = Vcyt 2 Vvac, where Vcyt and Vvac are the cytosolic and vacuolar
potentials, respectively.
The dose response for the citratecyt inhibition of AtALMT9WT currents (Figs.
1 and 5; Supplemental Fig. S4) was ﬁtted and analyzed with the Langmuir






where I is the AtALMT9 current amplitude in the presence of citratecyt, I0 is the
AtALMT9 current under control solution, [CA]cyt is the cytosolic citrate con-
centration, and Kd
CA is the dissociation constant of citrate.
The dose response for the citratecyt inhibition of the co-overexpression of
AtALMT9WT and AtALMT9K193E in 1:1 and 1:4 ratios (Fig. 5) was ﬁtted with






where I is the current amplitude in the presence of citratecyt, I0 is the current
amplitude under control solution, [CA]cyt is the cytosolic citrate concentration,
Kd
CA is the dissociation constant of citrate, and Iinh is the maximum fraction of
current inhibited by citratecyt.
To estimate the fraction of the electrical ﬁeld that citrate traverses to reach its
binding site, the voltage-dependent dissociation constant relationship was
ﬁtted with the equation described by Woodhull (1973):




CA(Vm) is the voltage-dependent dissociation constant of citrate,
Kd
CA(0) is the dissociation constant of citrate at 0 mV, Vm is the transmembrane
potential, z is the valence of the blocker, d is the fraction of the electrical
membrane ﬁeld traversed by the blocker, and F, R, and T are the Faraday
constant, gas constant, and absolute temperature, respectively. Experiments
were performed at room temperature (22°C–25°C).
For all calculations, the actual citrate32 concentration was determined with
the Henderson-Hasselbach equation. The citrate32 concentration was estimated
to be 93% of the different citric acid forms at pH 7.5.
The rectiﬁcation rate coefﬁcient was obtained by calculating the ratio be-
tween the conductance at the end of the activating pulse (Vm = 2120 mV) and
the conductance at the very beginning of the deactivating pulse (Vm = +60 mV).
The conductance at the end of the activating pulse was estimated by using the
ratio between the average current amplitude of the last 5 ms of the activation
pulse and the applied activating potential. To calculate the conductance at the
beginning of the deactivating pulse, the initial current was extrapolated from a
monoexponential ﬁt of the tail currents and divided by the applied deactivating
potential of +60 mV.
Microsomal Protein Extraction and Protein
Gel-Blot Analysis
Leaf material from unﬁltrated (or empty vector-expressing) tobacco plants
(data not shown) and AtALMT9-GFP-expressing tobacco plants was homog-
enized by cryogenic grinding with mortar and pestle and mixed with 4°C ice-
cold homogenization buffer (250 mM Tris-HCl, pH 8.5, 25 mM EDTA, 30% Suc,
5 mM dithiothreitol, and protease inhibitor cocktail tablet [Roche]). The debris
was sedimented by centrifugation at 5,000 rpm in a table-top centrifuge
(Biofuge fresco; Heraeus) for 10 min at 4°C. Afterward, the supernatant
fraction was passed through Miracloth (Calbiochem), transferred into ultra-
centrifugation tubes, and spun down at 35,000 rpm in an ultracentrifuge for
45 min at 4°C (Beckman Optima, SW41Ti). The membranes were solubilized in
100 mL of solubilization buffer (15 mM MOPS, pH 7.0, 1 mM EDTA, 30%
glycerol [v/v], 0.5% n-dodecyl-b-D-maltoside, and protease inhibitor cocktail
tablet [Roche]) for 30 min on ice. Equal protein amounts (Quick Start Bradford
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Protein Assay; Bio-Rad) were loaded on SDS-PAGE gels (4%–20% Mini
PROTEAN TGX precast gradient gel; Bio-Rad) in the absence of dithiothreitol.
Proteins were blotted on polyvinylidene diﬂuoride membranes (0.45 mm;
Millipore) using the tank approach (Mini Trans-Blot Electrophoretic Transfer
Cell; Bio-Rad), and an anti-GFP antibody (Clontech; 1:1,000) was used for
immunodetection.
Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NP_188473.1.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. AtALMT9WT and AtALMT9K193E are poorly per-
meable for citrate.
Supplemental Figure S2. Multiple alignment of the ALMT protein family
of Arabidopsis.
Supplemental Figure S3. Intracellular localization of the different mutant
channels of AtALMT9-GFP.
Supplemental Figure S4. AtALMT9 point mutants display different chan-
nel conductivity and sensitivity to citrate inhibition.
Supplemental Figure S5. The double mutant AtALMT9K93E/E130K is inhibited
by intracellular citrate like AtALMT9WT.
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Supplemental Figure S1. AtALMT9WT and AtALMT9K193E are poorly permeable 
for citrate. 
(A, C) Representative traces and normalized mean I-V curves of excised cytosolic-
side out patches from N. benthamiana vacuoles overexpressing AtALMT9WT (A; 
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upper traces) and AtALMT9K193E (C; upper traces) displayed time dependent malate 
currents in symmetric ionic conditions (circles; 100 mM malatevac/ 100 mM malatecyt). 
When the cytosolic solution was replaced with 100 mM CAcyt (squares; 100 mM 
malatevac/ 100 mM CAcyt) the inward currents decreased and displayed only weak 
time dependent currents (A, C; lower traces). The current ratios 
ICA/IMalate(AtALMT9WT) = 5 ± 5% and ICA/IMalate(AtALMT9K193E) = 7 ± 3% show that 
CA is poorly permeable compared to malate. Currents were evoked in response to 3 s 
voltage pulses ranging from +60 mV to -120 mV in -20 mV steps followed by a tail 
pulse at +60 mV. The holding potential was set +60 mV. Error bars represent sd. Each 
data point corresponds to 4-11 patches. (B) Voltage dependency of the relative open 
probability of AtALMT9WT in control conditions (ctrl; 100 mM malatevac/ 100 mM 
malatecyt; circles) and in presence of 10 mM CAcyt (100 mM malatevac/ 100 mM 
malatecyt+10 mM CAcyt; diamonds). The relative open probability was estimated from 
the initial current amplitude of the tail currents (derived from a mono-exponential fit 
of the current decay) which followed an activating pulse of various potentials. We 
were unable to reach the full activation of AtALMT9 channels as it is likely to occur 
at voltages more negatives than -160 mV, a value at which the vacuolar membrane 
becomes unstable. Therefore the data (n=8-10) was normalized to the Imax value that 
was obtained by fitting each data set with the Boltzmann equation.  
The solid lines represent the best fits of the mean relative open probability in control 
and in presence of 10 mM CAcyt with a Boltzmann equation in the following form:  
                                                         𝑃!!"# = 1/(1+ 𝑒 !" !!!!!" )  
in which POrel is the relative open probability, z the gating charge, F the Faraday 
constant, R the universal gas constant, T the absolute temperature and Vh the voltage 
of half activation. The fit shows that the presence of 10 mM CAcyt does not change 
significantly the voltage dependent gating of the channel since Vh = -81 ± 1 mV and z 
= 0.6 ± 2 under control conditions and Vh = -76 ± 3 mV and z = 0.7 ± 1 with 10 mM 
CAcyt. (D) “Kick-out experiment” performed on the mutant AtALMT9K193E. Grey 
traces were obtained under 100 mM malatevac/ 100 mM malatecyt conditions and black 
traces in the presence of 10 mM CAcyt (100 mM malatevac/ 100 mM malatecyt+10 mM 
CAcyt). The currents evoked in response to a 2 s voltage pulse at -140 mV. 
Subsequently, the membrane potential was transiently stepped for 3 ms to +60 mV 
and then restored to -140 mV for 1 s which was followed by a tail pulse at +60 mV. 










Supplemental Figure S2. Multiple alignment of the ALMT protein family of 
Arabidopsis thaliana. 
The alignment was conducted with the Jalview software (Waterhouse et al., 2009). 
Asterisks and red boxes indicate the residues that were targeted by site-directed 




 Supplemental Figure S3. Intracellular localization of the different mutant 
channels of AtALMT9-GFP. 
Fluorescence images of vacuoles extracted from N. benthamiana protoplasts 
expressing the different AtALMT9-GFP mutants. None of the introduced mutations 
altered the tonoplastic localization of AtALMT9. The pictures were obtained with an 
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epifluorescence microscope (Nikon Eclipse TS100) and acquired with a digital 




Supplemental Figure S4. AtALMT9 point mutants display different channel 
conductivity and sensitivity to citrate inhibition 
Representative traces of current recordings from vacuoles overexpressing 
AtALMT9R200N and AtALMT9R200E (A), AtALMT9R215N and AtALMT9R215E (C) in 
symmetric malate conditions (100 mM malatevac/ 100 mM malatecyt).  Currents were 
evoked in response to 3 s voltage pulses ranging from +60 mV to -120 mV in -20 mV 
steps followed by a tail pulse at +60 mV. The holding potential was +60 mV.  “Kick-
out experiments” were performed with the mutants AtALMT9R200N (B) and 
AtALMT9R215N (D).   Grey traces were obtained in 100 mM malatevac/ 100 mM 
malatecyt conditions and black traces in the presence of 10 mM CAcyt (100 mM 
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malatevac/ 100 mM malatecyt + 10 mM CAcyt). The currents evoked in response to a 2 s 
voltage pulse at -140 mV. Subsequently the membrane potential was transiently 
stepped for 3 ms to +60 mV and then restored to -140 mV for 1s which was followed 
by a tail pulse at +60 mV. The holding potential was set to +60 mV. (E) 
Representative I-V curves obtained with a voltage ramp (from +60 mV to -160 mV in 
1.5 s; holding potential +60 mV) measured in excised cytosolic-side out patches from 
vacuoles expressing AtALMT9K87E in control conditions (ctrl) and in presence of 10 
mM CAcyt. (F) Dose-response of CAcyt concentration-dependent ratio of AtALMT9WT 
and AtALMT9K87E at -160 mV. To estimate the dissociation constant KdCA the data 
points were fitted with a Langmuir isotherm (equation 1). The resulting KdCA values 
were 5.1 ± 0.3 mM and 16.2 ± 2.3 mM for AtALMT9WT and AtALMT9K87E, 





Supplemental Figure S5. The double mutant AtALMT9K93E/E130K is inhibited by 
intracellular citrate comparable to AtALMT9WT. 
(A) Representative I-V curves obtained with a voltage ramp (from +60 mV to -160 
mV in 1.5 s; holding potential +60 mV) measured in excised cytosolic-side out 
patches from vacuoles expressing the double mutant AtALMT9K93E/E130K in control 
conditions (ctrl) and in presence of 10 mM CAcyt. (B) Ratio between currents in 
presence of 10 mM CAcyt and in control conditions at different membrane potentials. 
Depicted are AtALMT9WT (circles; n = 4) and AtALMT9K93E/E130K (squares; n = 3).  
Error bars represent sd 
75
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5.1 Abstract  	  
The ALuminum Activated Malate Transporters (ALMTs) form a membrane protein 
family exhibiting different important physiological roles in plants, varying from the 
detoxification of environmental Al3+ to the regulation of stomatal movement. In 
contrast to their functional characterization, the regulation of ALMTs is largely 
unknown. However, the regulation of anion transporters is of importance to 
understand their physiological functions. In this study we present the voltage 
dependent inhibition of AtALMT9 by cytosolic nucleotides. The modulation of 
AtALMT9 activity by ATP is based on an ‘open channel block mechanism’ that gates 
the channel at negative membrane potentials. Anions present in the vacuolar lumen 
affect the ATP inhibition behavior and participate in the regulation of AtALMT9 
mediated currents.  
5.2 Introduction 
 
The ALMTs form a membrane protein family exclusive to plants. These proteins have 
been found to exhibit different important physiological roles in plants, including 
detoxify the environmental Al3+ via extruding organic acids in the soil, transport of 
anion fluxes through the plasma and vacuolar membrane of guard cells, and due to 
their expression in guard cells they are involved in the regulation of stomatal 
movements (Hoekenga et al., 2006; Kovermann et al., 2007; Meyer et al., 2010b; De 
Angeli et al., 2013). The first gene coding for this type of anion channel, TaALMT1, 
was identified in wheat in a screen that aimed at identifying genes associated with 
aluminum resistance (Sasaki et al., 2004). TaALMT1 and its homologue in 
Arabidopsis thaliana, AtALMT1, have been shown to catalyse the exudation of 
malate across the plasma membrane of root cells. This release confers tolerance to 
Al3+ (Sasaki et al., 2004; Hoekenga et al., 2006). Another identified plasma 
membrane targeted ALMT in Arabidopsis thaliana is AtALMT12, which is a 
component of the R-type/QUAC channels in guard cells that mediate the efflux of 
anions in order to reduce stomata closure (Meyer et al., 2010b). AtALMT9 was the 
first vacuolar ALMT identified and characterized in Arabidopsis thaliana 
(Kovermann et al., 2007). It was shown that AtALMT9 is able to mediate malate and 
fumarate currents into the vacuole of Arabidopsis mesophyll cells. Recently, 
Result	  Chapter	  III	  
	   78	  
AtALMT9 was shown to play a crucial role in guard cells where it functions as a 
malate-activated chloride channel involved in stomata opening (De Angeli et al., 
2013). Moreover, the first information of the structural organization of AtALMT9 was 
obtained (Zhang et al., 2013). In this study we identified a region involved in forming 
the pore and showed that AtALMT9 assembles as multimers/tetramers.  
We have been puzzled by the striking differences in the current voltage relationships 
(i.e. I-V curve) that characterize the different members of the ALMT family. The 
current voltage relationship is a fundamental characteristic of ion transporters that 
provides information on their biophysical and physiological properties. AtALMT12, 
which constitutes part of the R-type/QUAC currents in the plasma membrane of guard 
cells, exhibits a characteristic bell-shaped I-V curve (Meyer et al., 2010b). The bell-
shape of the I-V curve results from an abrupt change in the channel conductance from 
positive to negative at very negative membrane potentials. This indicates that the 
channels start to close to mediate lower currents after this value (Meyer et al., 2010b). 
In contrast, the other ALMTs exhibit a monotonic voltage dependent I-V curve with a 
conductance that remains positive. This fact indicates that the channels stay open at 
negative membrane potentials (Sasaki et al., 2004; Hoekenga et al., 2006; Kovermann 
et al., 2007; Meyer et al., 2011; De Angeli et al., 2013). The R-type/QUAC channel of 
Arabidopsis hypocotyl and guard cells was shown to be regulated by cytosolic 
nucleotides (Hedrich et al., 1990; SchulzLessdorf et al., 1996; Thomine et al., 1997; 
Colcombet et al., 2001). In hypocotyl protoplasts it was proposed that cytosolic 
nucleotides are blockers acting as a “voltage dependent gate” of the R-
type/QUAC/AtALMT12 channel (Colcombet et al., 2001), a gating mode similar to 
what has been observed in mammalian KIR (potassium inward rectifier) with Mg2+ 
and polyamines (Lopatin et al., 1994; Lu, 2004).  However, after the discovery that 
ALMTs are part of the R-type/QUAC current the effect of intracellular nucleotides on 
ALMTs has never been investigated.   
In the present study we addressed the question of the origin of the different I-V curves 
behavior of the ALMTs. We used the vacuolar anion channel AtALMT9 as a model 
for ALMT channels with a monotonic I-V curve and found that the cytosolic 
nucleotides block and regulate AtALMT9. The block of AtALMT9 by cytosolic 
nucleotides is voltage dependent and in presence of cytosolic nucleotides the I-V 
curves becomes bell-shaped similarly to the one of the R-type/QUAC channel. 
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Moreover, the block by cytosolic nucleotides is modulated by the concentration and 
the nature of the permeable anion present at the cytosolic and the vacuolar side of the 
channel. The anions at the vacuolar side affect the block by cytosolic nucleotides 
indicating that the cytosolic nucleotides and the vacuolar anions interact within the 
permeation pathway of AtALMT9.  Our data provide a new insight in the regulation 
of anion channels in the vacuolar membrane.  
5.3 Results  	  
Cytosolic Nucleotides Inhibit AtALMT9 Mediated Currents 
In order to test the effect of cytosolic nucleotides on AtALMT9-mediated currents we 
performed patch-clamp experiments in excised cytosolic-side-out configuration using 
vacuoles extracted from Nicotiana bentamiana protoplasts that transiently over-
expressed AtALMT9-GFP. Under control conditions (30 mM malatecyt / 100 mM 
malatevac), voltage pulses starting from a holding potential of +60 mV ranging to -160 
mV in -20 mV steps induced the activation of time-dependent inward malate currents 
(Fig 1A top panel; Kovermann et al., 2007; De Angeli et al., 2013; Zhang et al., 2013). 
When 1 mM free ATP was applied at the cytosolic side of the vacuolar membrane (30 
mM malatecyt + 1 mM ATPcyt / 100 mM malatevac) AtALMT9-mediated currents were 
reversibly inhibited (Fig. 1A bottom), and similar results were obtained when 1 mM 
Mg-ATP was applied (Fig. 1C). The presence of 1 mM free ATP in the cytosolic 
buffer changed the I-V characteristic of AtALMT9 from monotonic in control 
conditions to non-monotonic (i.e. bell-shaped) (Fig 1A, lower panel). Notably, the 
inhibitory effect of free ATP was significantly higher compared to Mg-ATP (Fig. 1C) 
indicating that the Mg-ATP form has a lower inhibitory effect and that Mg2+ is not 
required for inhibition. The inhibition by ATP is strongly voltage dependent, being 
more pronounced at more negative membrane potentials. At -160 mV, the maximum 
membrane potential we could apply, the currents in the presence of 1 mM free ATP 
were reduced to 10.5 ± 1.2% of the control currents (30 mM malatecyt + 1 mM ATPcyt 
/ 100 mM malatevac) (Fig. 1B, top panel). The voltage dependency of the inhibition 
could not be adequately described by a standard Boltzmann function at very negative 
membrane potentials since the inhibition does not reach 100% at any voltage. 
However, a modified Boltzmann function (Eq. 3 in Method) with an “offset” 
appropriately described the voltage dependency of the inhibition indicating that at a 
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given ATP concentration the inhibition never reached 100% at any applied membrane 
potential (Fig. 1B, top panel). The effect of cytosolic free ATP is dose dependent and 
also the dissociation constant for ATP (KdATP) is a function of the membrane potential 
with KdATP = 90 ± 5 µM at -160 mV (Fig. 1B, lower panel). Using the Woodhull 
formalism (Woodhull, 1973) to analyze the voltage dependency of KdATP we could 






Result	  Chapter	  III	  
	   81	  
Figure 1. Cytosolic ATP blocks AtALMT9 mediated currents in a voltage dependent fashion.  
 (A) Representative traces and I-V curves of excised cytosolic-side out patches from N. benthamiana 
vacuoles overexpressing AtALMT9 in absence or presence of 1 mM free ATP in 30 mM cytosolic 
malate solution (upper: 30 mM malatecyt / 100 mM malatevac, lower: 30 mM malatecyt + 1 mM ATP / 
100 mM malatevac). Currents were evoked in response to 3 s voltage pulses ranging from +60 mV to -
160 mV in -20 mV steps, followed by a tail pulse at +60 mV. The holding potential was set at +60 mV. 
The grey line indicates the recovery in control cytosolic solution (30 mM malatecyt / 100 mM malatevac). 
(B) Upper: ratio between currents recorded in the absence (I0) and presence of various concentrations 
ATPcyt (IATP) in the cytosolic solution containing 30 mM malate. The dash lines represent the data fitted 
with a modified Boltzmann equation (Eq. 3; Table 1) (n= 4~7). Lower: Voltage dependency of the 
dissociation constant for ATP (KdATP) in 30 mM malate based solution. Solid line corresponds to data 
fitted with the Equation described by Woodhull (1973) (Eq. 1). (C) Comparison between the effects of 
intracellular free ATP and Mg-ATP. Left: Normalized current-voltage curves were obtained with a 
voltage ramp (from +60 mV to -160 mV in 1.5s) in cytosolic solution as described in A (30 mM 
malatecyt / 100 mM malatevac) and in the presence of 1 mM free ATP (+ 1 mM ATPi) or Mg-ATP (1 
mM Mg-ATP). Right: Fraction of current not blocked (I/I0 ; mean ± SEM, n=3-7) is plotted against 
applied voltage for 1 mM free ATP or Mg-ATP. The dashed lines indicate the illustration of the 
tendency but have no theoretical meaning. 
 Table1. Parameters for the Boltzmann with Offset Analysis 
 
Iunh is the minimum fraction of unblocked current by ATP, V1/2 is the potential at which current is half blocked. Data are 
presented as means ± SD. 
 
The block of AtALMT9-mediated currents by ATP depends on the cytosolic 
concentration of the conductive anion (i.e. malate). Cytosolic ATP inhibits AtALMT9 
currents more at lower cytosolic malate concentration (Figure 2A, B). Conversely, the 
KdATP is also dependent on the concentration of cytosolic malate. Reducing cytosolic 
malate concentrations lead to a decreased KdATP value (Fig. 2C). The dependency of 
Ionic Conditions  Parameters  
Cytosolic Vacuolar ATPcyt/mM  V1/2/mV Iunh/% Location 
30 mM malate 100 mM malate 0.1  -131 ± 4 40 ± 7 Fig. 1B 
30 mM malate 100 mM malate 0.5  -118 ± 1 16 ± 3 Fig. 1B 
30 mM malate 100 mM malate 1  -114 ± 0.8 6   ± 2 Fig. 1B 
50 mM malate 100 mM malate 1  -124 ± 8 2 ± 8 Fig. 2B 
100 mM malate 100 mM malate 1  -135 ± 2 32 ± 5 Fig. 2B 
100 mM Cl- 100 mM Cl- 1  - 70 ± 2 27 ± 2 Fig. 3B 
100 mM Cl- 100 mM malate 1  -121 ± 7 32 ± 11 Fig. 3B 
100 mM malate 1 mM malate 1  -113 ± 2 39 ± 3 Fig. 4B 
100 mM malate 10 mM malate 1  - 122 ± 4 38 ± 6 Fig. 4B 
100 mM malate 100 mM Cl- 1  - 105 ± 13 31 ± 12 Fig. 4B 
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the inhibition by cytosolic ATP on the concentration of permeable anion suggests a 
competition mechanism between cytosolic ATP and malate. To extrapolate whether 
this modulation happens in the physiological range, a KdATP of approximately 50 µM 
at -160 mV could be determined for malate concentrations in the physiological range 
(400~ 800 µM) (Gerhardt et al., 1984; Winter et al., 1994; Farre et al., 2001). These 
results indicate that the modulation observed by free ATP occurs in the physiological 
range, since free ATP concentrations deduced from cytosolic ATP and Mg2+ 
concentrations are in the range of 30 to 100 µM (Yazaki et al., 1988).  
 
 
Figure 2. Intracellular ATP blocks AtALMT9-mediated currents by competing with cytosolic 
malate. 
Normalized current-voltage curves were obtained with a voltage ramp (from +60 mV to -160 mV in 
1.5 s) in cytosolic solution containing various concentrations of malate (30 mM, 50 mM and 100 mM 
malatecyt / 100 mM malatevac) in the presence of 1 mM free ATP (ATP). (B) The fraction of the current 
that is not blocked (IATP/I0 ; mean ± SEM, n=4-7) is plotted against applied voltage for 1 mM free ATP 
for different malate concentrations. The dashed lines represent the data fitted with a modified 
Boltzmann equation (Eq. 3; Table 1). (C) The values of Kd ATP at different potentials (-120 mV, -140 
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mV and -160 mV) are obtained from various cytosolic malate concentrations (30, 50, 100 mM 
malatecyt). Data were fitted with exponential equation (Eq. 2) with no theoretical significance to 
extrapolate the value of the dissociation at malate concentrations in the physiological range. The inset 
shows the enlargement of Kd ATP at -160 mV. 
 
The Anions in the Vacuolar Lumen Affect the Inhibition of AtALMT9 by 
Cytosolic Nucleotides 
Recently, we have shown that AtALMT9 is also permeable to chloride and that it is 
involved in chloride accumulation in the vacuole (De Angeli et al., 2013). Thus, we 
tested the effect of free ATP on AtALMT9-mediated chloride currents. Similarly to 
what was observed when malate was the main permeable anion, 1 mM free ATP 
strongly inhibited AtALMT9-mediated chloride currents to 30 ± 4% of the ATP free 
conditions at -160 mV (100 mM Cl-cyt + 1mM malatecyt / 100 mM Cl-vac; Fig. 3).  
Intriguingly, the I-V curve in chloride conditions inhibited by ATP remained 
monotonic and did not display a bell-shaped behavior in the investigated voltage 
range (Fig. 3A, left). However, when chloride was the main permeable anion in the 
cytosolic solution and 100 mM malate was in the vacuolar buffer (100 mM Cl-cyt + 
1mM malatecyt / 100 mM malatevac), the inhibition effect induced by 1 mM free ATP 
(Fig. 3A, right) resembled the one observed in the malate based cytosolic solution 
(Fig. 1 and 2). Indeed, under these conditions the inhibitory effect of cytosolic ATP 
starts abruptly at lower membrane potentials (-60 mV). The analysis of the voltage 
dependency of the ATP blockade shows that the presence of malate instead of Cl- in 
the vacuole shift the effect of cytosolic ATP toward more negative potentials (Fig. 
3B). With a Boltzmann function the fitting of the fraction of currents not blocked 
versus applied voltage yielded a half inhibition voltage (V1/2) of -69 ± 2 mV and -121 
± 7 mV with 100 mM Cl- or 100 mM malate in the vacuole, respectively (Fig. 3B; 
Table 1). However, the maximal inhibition that could be obtained at hyperpolarized 
voltages were not dependent on the vacuolar anion, being 27 ± 2% and 32 ± 11% with 
Cl- or malate in the vacuole, respectively (Fig. 3B; Table 1).  
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Figure 3. Intracellular ATP blocks AtALMT9 mediated chloride currents with different vacuolar 
solutions. 
(A) AtALMT9 mediated-currents elicited by a voltage ramp (from +60 mV to -160 mV in 1.5 s, 
holding potential +60 mV) in cytosolic chloride based solution with the absent or present (ATP) of 1 
mM free ATP. The vacuolar solutions contained 100 mM Cl- (left) (100 mM Cl- + 1 mM malatecyt / 100 
mM Cl-vac) or malate (right) (100 mM Cl- + 1 mM malatecyt / 100 mM malatevac). (B) Fraction of 
current which is not blocked (IATP/I0 ; mean ± SEM, n=4) is plotted against the applied membrane 
potential for 100 mM Cl- or malate in the vacuolar solution. The lines represent the data fitted with a 
modified Boltzmann equation (Eq. 3; Table 1) yielding V1/2 = -69 ± 2 mV (100 mM Cl-) and V1/2 = -
121 ± 7 mV (100 mM malate). 
In order to evaluate whether the effect of vacuolar malate affect ATP inhibition when 
malate was present at the cytosolic site we used a cytosolic solution containing 100 
mM malate and varied the vacuolar concentration of malate. When the concentration 
of malate was progressively raised in the vacuolar solution (1 mM malatevac + 99 mM 
MESvac, 10 mM malatevac + 90 mM MESvac, 100 mM malatevac) the ATP block was 
shifted to more negative membrane potentials (Fig. 4B). Moreover, when the vacuolar 
malate was completely replaced by Cl- (100 mM malatecyt / 100 mM Cl-vac), 1 mM 
free ATP exhibited a similar inhibition as under cytosolic Cl- conditions (100 mM Cl-
cyt / 100 mM Cl-vac). The fit of the IATP/I0 versus the applied voltage with a modified 
Boltzmann function (Eq. 3) provided a V1/2 = -113 ± 2 mV, -123 ± 4 mV, -135 ± 2 
mV and -105 ± 13 mV with 1mM, 10 mM, 100 mM malate or 100 mM Cl- in the 
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vacuole, respectively (Fig. 4B; Table 1). These results show that the permeable anions 
in the vacuole affect the inhibition behavior of cytosolic ATP on AtALMT9. Thus, 
this suggests that cytosolic ATP and vacuolar malate interact within the conduction 
pathway of AtALMT9 at the cytosolic side. 
 
 
Figure 4. Intra-vacuolar malate removes the block of cytosolic ATP. 
(A) Currents elicited by a voltage ramp (from +60 mV to -160 mV in 1.5 s, holding potential +60 mV) 
in malate based cytosolic solution with vacuolar solutions containing 100 mM Cl- (100 mM malatecyt / 
100 mM Cl-vac) or various concentration of malate: 1 mM malate (100 mM malatecyt / 1 mM malate + 
99 mM MESvac), 10 mM malate (100 mM malatecyt / 10 mM malate + 90 mM MESvac), 100 mM malate 
(100 mM malatecyt / 100 mM malatevac), in the absence or the presence (ATP) of 1 mM free ATP in 
cytosolic solution. (B) Ratios (IATP/I0, mean ± SEM, n=5-7) between currents recorded in the absence 
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(I0) and presence of 1 mM ATPcyt (IATP) in cytosolic solution that contains 100 mM malate with 
different solutions in the pipette. The solid lines represent the data fitted with a Boltzmann with an 
offset equation (Eq. 3; Table 1). 
The Inhibition of AtALMT9 by Cytosolic Nucleotides does not Require ATP 
Hydrolysis 
Our data show that AtALMT9 is inhibited by cytosolic ATP in a dose and voltage 
dependent way, suggesting that the nucleotide directly block the pore of AtALMT9. 
However, in order to definitively exclude the possibility that the effect of ATP is 
based on a phosphorylation/dephosphorylation, we used a non-hydrolysable analogue 
of ATP, AMPPNP. In the presence of 1 mM ATP or AMPPNP in the cytosolic 
solution (100 mM malatecyt + 1 mM ATP or AMPPNPcyt / 100 mM malatevac), the 
amplitudes of the malate currents at -160 mV were reduced to 37.4 ± 2.2 % and 26.0 
± 3.0 %, respectively (Fig. 5A). The fact that AMPPNP showed an even stronger 
inhibitory effect compared to ATP demonstrates that no phosphorylation of 
AtALMT9 occurs. We further analyzed the relative importance of the polyphosphate 
and nucleoside moieties in the block of AtALMT9-mediated currents. We found that 
the progressive reduction of the number of phosphate groups, and thus of negative 
charges, strongly impacted the inhibitory effect of the nucleotides with ADP being 
less efficient than ATP (IADP/Ictrl = 56 ± 2% at -160 mV) and AMP even less 
(IAMP/Ictrl=90 ± 1% at -160 mV) (Fig. 5A). Differently, the nucleoside part seems to 
have a marginal role since 1 mM free GTP showed an effect similar to ATP 
(IGTP/Ictrl=48 ± 2% at -160 mV; Fig. 5A). These data suggest that the number of 
charges carried by the nucleotide are fundamental for the block of AtALMT9-
mediated currents. Previously, we found that Lysine 193 (K193) is part of the 
permeation pathway of AtALMT9 and its mutation (K193E) affects both anion 
permeation rectification and the efficacy of citrate to block the currents (Zhang et al., 
2013). Thus, in an attempt to find a site of interaction of ATP with the channel, we 
tested whether the mutation of K193 impacted the ATP blockade. We found that the 
currents mediated by the AtALMT9K193E variants were completely insensitive to 1 
mM free ATP in the cytosolic-side solution (100 mM malate + 1mM ATPcyt / 100 
mM malatevac; Fig. 5B). These data suggest that cytosolic nucleotides interact with 
the residue K193 and that the blocking mechanism was similar to the one observed 
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previously for citrate. Therefore, ATP is likely to block AtALMT9 mediated currents 




Figure 5. Effect of the non-hydrolysable nucleotide AMPPNP and of different cytosolic 
nucleotides on AtALMT9 mediated malate currents. 
(A) Upper panel: Representative I-V curves obtained with a ramp (from +60 mV to -160 mV in 1.5 s, 
holding potential +60 mV) in control solution (ctrl: 100 mM malatecyt / 100 mM malatevac) and in the 
presence of 1 mM different nucleotides (100 mM malatecyt + 1 mM ATP, ADP, AMP, GTP or 
AMPPNPcyt / 100 mM malatevac). Lower panel: mean ratios between currents in presence of 1 mM 
different nucleotides (In) and control solution (Ictrl) at different membrane potentials (n= 4~7). (B) I-V 
curves and mean ratios, as described in (A), are obtained with a voltage ramp (from +60 mV to -160 
mV in 1.5 s) measured in excised cytosolic-side out patches from vacuoles overexpressing 
AtALMT9WT (n=7) and AtALMT9K193E (n=6) in the presence of 1 mM ATP in the control solution 
(100 mM malatecyt / 100 mM malatevac). The dashed lines indicate the tendency but have no theoretical 
meaning. Error bars denote s.e.m. 
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5.4 Discussion 	  
ALMTs form a family of anion channels that are important in different aspects of 
plant physiology. Among different ALMTs, AtALMT9 is the first member of the 
family which is localized to the vacuolar membrane (Kovermann et al., 2007). 
Recently, it was shown that AtALMT9 acts as a malate activated chloride channel in 
the tonoplast, playing an important role in stomatal opening (De Angeli et al., 2013). 
A further study provided evidence that AtALMT9 forms tetramers and a region 
possible forms the permeation pathway (Zhang et al., 2013). Since the I-V 
characteristic is a fundamental property of ion channels, in the present work we aimed 
to find a reason for the different I-V characteristic displayed by different members of 
the ALMT family. AtALMT1 and AtALMT9 display a monotonic and moderately 
voltage dependent inward rectifying I-V characteristics (Hoekenga et al., 2006; 
Kovermann et al., 2007). Differently, AtALMT12/QUAC1 displays an I-V 
characteristic that presents a strong voltage dependency at very negative membrane 
potentials and a bell shape (Meyer et al., 2010b). Earlier studies on Arabidopsis 
hypocotyl protoplasts showed that cytosolic ATP regulates the R-type currents 
(Thomine et al., 1997; Colcombet et al., 2001). Thus, a model of the R-type channel 
which is gated by the cytosolic nucleotides was proposed. The vacuolar localization 
of AtALMT9 appears to be very convenient since it allows the reversible application 
of nucleotides on the cytosolic side of the membrane, enabling to directly probe the 
effect of nucleotides on I-V characteristic of AtALMT9. 
The main result we present in this work is that cytosolic nucleotides reversibly inhibit 
AtALMT9-mediated currents and that in presence of cytosolic nucleotides the I-V 
characteristic of AtALMT9 changes from monotonic to bell shaped (Fig. 1). In other 
terms the presence of ATP in the cytosolic solution is sufficient to make AtALMT9 
display the same bell-shaped I-V characteristic as AtALMT12/QUAC1. This 
intriguing result suggests that the typical bell-shaped I-V characteristic is not a unique 
property of this clade of the ALMT family and that it does not result from an intrinsic 
voltage sensor in the ion channel protein. The understanding of the voltage 
dependency of AtALMT9 and AtALMT12 is relevant because of their roles in 
regulating stomatal movement (Meyer et al., 2010b; De Angeli et al., 2013). Our data 
indicate that the effect of ATP on AtALMT9 currents does not rely on a 
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phosphorylation mechanism but directly by blocking the permeation pathway of the 
channel. Indeed, the non-hydrolysable ATP analogue AMPPNP is able to block 
AtALMT9 mediated currents. Moreover, several lines of evidence point at an “open-
channel block” mechanism. i) The effect is voltage dependent and more pronounced 
at negative voltages at which the channels’ open probability is higher; ii) the 
dissociation constant (KdATP) is voltage dependent, indicating that ATP enters the 
transmembrane electrical field; iii) the current is more noisy at membrane potentials 
at which ATP is effective (Fig. 1A); iv) ATP and the permeating anion compete since 
the KdATP becomes lower when malate concentrations decrease (Fig. 2C). It is 
interesting to note that this is in line with the nucleotide-dependent gating mechanism 
of the R-type/QUAC channel in the plasma membrane proposed by Colcombet et al. 
(2001). Moreover, our results provide a strong molecular basis to interpret these 
findings by the identification of K193 as possible interaction site of ATP with 
AtALMT9 (Fig. 5B). Notably, in a previous study we found K193 to be part of a 
putative pore forming region (Zhang et al., 2013), further supporting the idea that 
ATP interacts with the pore region of AtALMT9. 
Since the inhibition of AtALMT9 by ATP in malate based solutions transform the I-V 
curve of this channel from monotonic to bell shaped, similar to the one of R-type 
channels, our data support the idea that AtALMT12/QUAC1 is gated by cytosolic 
nucleotides and that the typical I-V characteristic of this channel comes from this 
voltage dependent block. It has to be noted that in all the situations in which the 
AtALMT12/QUAC1 has been measured ATP was present in significant amounts in 
the cytosolic solution (Meyer et al., 2010b). Moreover, the only attempt to remove 
ATP from the cytosolic solution revealed a change of the bell-shaped I-V 
characteristic to monotonic one (Colcombet et al., 2001). As a corollary our data also 
provide a simple and straightforward interpretation of a phenomenon that R-type 
currents are activated by extracellular malate (Hedrich and Marten, 1993; Raschke, 
2003; Mumm et al., 2013). In this work we found that vacuolar malate (which 
correspond in our configuration to extracellular malate) is able to release the ATP 
block (Fig. 3, Fig. 4), consequently inducing an activation of the AtALMT9 currents. 
Thus, the malate activation of AtALMT12/QUAC1 would result from a release of 
ATP induced by the presence of extracellular malate. 
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It is interesting to address the question whether the ATP block of AtALMT9 currents 
can be relevant in a physiological context. Even if presently our data do not directly 
answer this question we can try to insert them in a physiological framework. Recently, 
we have shown that AtALMT9 is important in guard cells function for stomatal 
opening (De Angeli et al., 2013). Indeed, during stomatal opening AtALMT9 drives 
the influx of anions into the vacuole. The influx of anion via AtALMT9 is driven by 
hyperpolarized vacuolar membrane potentials which are maintained through H+-
ATPases (Gaxiola et al., 2007; Duby and Boutry, 2009; Palmgren and Nissen, 2011). 
During stomatal opening the high hydrolytic activity of the proton pump consumes 
ATP, decreasing its concentration in the cytosol. Subsequently, ATP is converted into 
AMP (Gout et al., 1992; Xia et al., 1995) which is nearly inactive in blocking 
AtALMT9 meditated anion currents. Thus, a drop of cytosolic ATP levels could 
induce a release of the AtALMT9 blockage and consequently facilitate anion 
accumulation in the vacuole. In addition, the accumulation of malate in the vacuolar 
lumen, which is known to occur in parallel to chloride accumulation, is also able to 
remove the ATP blockade (Fig. 3, Fig. 4). This blockade release consequently 
facilitate anion uptake into the vacuole. Therefore, both cytosolic and vacuolar malate 
can regulate AtALMT9 activity with a direct activation (De Angeli et al., 2013) and a 
release of ATP block, respectively. It is interesting to note that AtALMT9 is the 
second vacuolar anion transporter after AtCLCa (De Angeli et al., 2009b) whose 
activity is inhibited by cytosolic ATP. This further suggests that regulation of 
vacuolar anion transporters and channels activity by cytosolic ATP has a 
physiological relevance. 
 
5.4 Methods  	  
Electrophysiology  
Mesophyll protoplasts from AtALMT9-GFP overexpressing tobacco leaves were 
isolated by enzymatic digestion. The enzyme solution contained 0.3 % (w/v) cellulase 
R-10, 0.03 % (w/v) pectolyase Y-23, 1 mM CaCl2, 500 mM sorbitol and 10 mM MES, 
pH 5.3, 550 mOsm. Protoplasts were washed twice and resuspended in the same 
solution without enzymes. Vacuoles were released from mesophyll protoplast by the 
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addition of 5 mM EDTA and a slight osmotic shock (500 mOsm, see medium below). 
Transformed vacuoles exhibiting an AtALMT9-GFP signal were selected using an 
epifluorescence microscope. Membrane currents from tonoplast patches were 
recorded in the excised cytosolic-side out configuration with the patch-clamp 
technique as described elsewhere (De Angeli et al., 2013). The procedure to perform 
patch clamp experiments is the same as described in the former work (Zhang et al., 
2013). 
The cytosolic solution contained (i) 100 mM malic acid, adjusted to pH 7.5 with BTP 
(Bis-Tris-Propane), ii) 30, 50, 100 mM malic acid, supplemented with nucleotides as 
indicated, adjusted to pH 7.5 with BTP and iii) 100 mM Cl-, supplemented with 
nucleotides as indicated, adjusted to pH 7.5 with BTP. The osmolarity was adjusted to 
500 mOsm using sorbitol. The pipette solution contained i) 112 mM malic acid, 5 
mM HCl and was adjusted with BTP to pH 6. ii) 10 mM malic acid, 90 mM MES, 5 
mM HCl and was adjusted with BTP. iiI) 1 mM malic acid, 99 mM MES, 5 mM HCl 
and was adjusted with BTP. iv) 100 mM HCl and was adjusted with BTP to pH 6. 
The osmolarity was adjusted to 550 mOsm using sorbitol. The ionic condition of (i) of 
cytosolic solution and (i) of the pipette solution is defined as control solution (ctrl). 
All chemicals were purchased from Sigma-Aldrich. Liquid junction potentials were 
measured according to Neher (1992) and corrected when higher than ±2 mV. 
To estimate the fraction of the electrical field that ATP traverses to reach its binding 
site in Fig. 1B, the voltage-dependent dissociation constant relationship was fitted 
with the equation described by Woodhull (1973): 
                                            𝐾!!"# 𝑉! = 𝐾!!"#(0) ∙ 𝑒!"#$!"                              (1) 
in which KdATP(Vm) is the voltage-dependent dissociation constant of ATP, KdATP(0) 
the dissociation constant of ATP at 0 mV, Vm the transmembrane potential, z the 
valence of the blocker (-4 for ATP at pH=7.5), δ the fraction of the electrical 
membrane field traversed by the blocker, and F, R, and T the Faraday constant, gas 
constant and absolute temperature, respectively.  
To estimate whether ATP inhibits AtALMT9 mediated current in the physiological 
range concentration, the dissociation constant in different malate concentrations (Fig. 
2C) were fitted with an Exponential equation in the form of:    
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𝐾!!"#([MA])=𝐾!!"# 0 𝑒[!"]                                   (2) 
where 𝐾!!"#([𝑀𝐴]) is the malate concentration dependent dissociation constant of 
ATP, 𝐾!!"# 0  is the dissociation constant of ATP at 0 mM malate. [MA] is the 
cytosolic malate concentration. 
The fraction of current not blocked by a non-permeable blocker ATP in Fig. 1B, Fig. 
2B, Fig. 3B and Fig. 4B is fitted by a Boltzmann function with an offset: 
!!! =𝐼!"! +    !""!!!"!!!!!! !!!!!" !!                                              (3) 
Where I is the current amplitude in the presence of ATP, I0 is the current amplitude in 
a solution without ATP, Iunh is the minimum fraction of unblocked current by ATP, 
V1/2 is the potential at which current is half blocked, Vm is the membrane potential, z 
is the valence of the blocker, F, R, and T the Faraday constant, gas constant and 
absolute temperature, respectively. Experiments were performed at room temperature 
(22-25 °C). 
Nucleotides  
Adenosine-5’-triphosphate (ATP) was tested either as a Mg2+ chelate or as a Tris salt 
(free ATP as indicated). The Adenosine-5’-phosphate (AMP) and Adenosine-5’-
diphosphate (ADP) were tested as sodium salt. 5’-adenylylimidodiphosphate 
(AMPPNP) was Li3+ salt. Guanosine-5’-triphosphate (GTP) was tris salt. All the 
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6. Result Chapter IV 
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6.1 Introduction  
 
Most fully developed plant cells contain a large central vacuole that can occupy more 
than 90% of the total cell volume. Such a large vacuole has a large storage capacity 
and plays a central role in cell homeostasis and metabolism. However, to fulfill these 
tasks, it needs the involvement of transporters that allow the exchange of nutrients 
and solutes across the vacuolar membrane. Among them, members of ALMT family 
have been identified and well characterized (Sasaki et al., 2004; Hoekenga et al., 
2006; Kovermann et al., 2007; Pineros et al., 2008; Meyer et al., 2010b; Meyer et al., 
2011).  
The ALMT family of membrane proteins is exclusive to plants and no homologues 
exist in other eukarya, bacteria and archea. ALMTs have been found to exhibit 
different important physiological roles in plants, varying from detoxifying aluminum 
through extrusion of organic acids into the soil, to mediating anion fluxes through the 
plasma and vacuolar membrane of guard cells to regulate stomatal movements (Sasaki 
et al., 2004; Hoekenga et al., 2006; Meyer et al., 2010b; De Angeli et al., 2013). In 
Arabidopsis thaliana, the ALMT family consists of 14 members which can be 
grouped into three clades (Kovermann et al., 2007). The ALMT members that belong 
to clade II are thought to be localized in the vacuolar membrane. AtALMT9 was the 
first vacuolar ALMT identified and characterized in Arabidopsis thaliana 
(Kovermann et al., 2007). Studies with T-DNA insertion lines and 
electrophysiological characterization indicated that AtALMT9 is a vacuolar anion 
channel mediating the load of malate and fumarate into Arabidopsis thaliana 
mesophyll cells (Kovermann et al., 2007). In the first result chapter of this thesis, 
AtALMT9 was shown to also play a crucial role in guard cells in which the protein 
functions as a malate-activated chloride channel involved in stomata opening. Further 
studies in the second result chapter of this thesis unveiled structural details of 
AtALMT9 and a region involved in forming the pore. Moreover, AtALMT9 was 
shown to be a multimeric channel composed of probably four subunits. In this 
multimer, each monomer participates in forming the pore.  
The second vacuolar membrane-targeted ALMT of clade II that was characterized is 
AtALMT6 (Meyer et al., 2011). AtALMT6 is expressed in guard cells and flower 
tissue and displays inward-rectifying malate current when overexpressed in guard cell 
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vacuoles. Interestingly, micromolar concentration of cytosolic calcium were required 
to activate AtALMT6-mediated malate currents. The threshold of this activation is 
regulated by the vacuolar pH and cytosolic malate. The co-modulation of these two 
parameters determines the functions of AtALMT6 as a malate influx or efflux channel. 
Although AtALMT6 has been identified as the first vacuolar malate channel of 
Arabidopsis guard cells, no stomatal phenotype had been observed in AtALMT6 
knock-out mutants. 
In this chapter, another vacuolar targeted AtALMT was identified and characterized. 
The AtALMT4 protein is targeted to the vacuolar membrane and AtALMT4 is highly 
expressed in the leaves and roots. Electrophysiological analysis demonstrated that 
AtALMT4 is permeable to malate. The Arabidopsis thaliana atalmt4 knock-out 
mutants exhibited an impairment of drought tolerance compared to wild-type plants. 
Together, these findings suggest that AtALMT4 may potentially play a role in 




AtALMT4 is Localized in the Tonoplast  
A phylogenetic analysis revealed that AtALMT4 (At1g25480) belongs to clade II, in 
which AtALMT9 and AtALMT6 have been identified to be vacuolar anion channels 
in Arabidopsis (Kovermann et al., 2007; Meyer et al., 2011; De Angeli et al., 2013). 
Based on these reports, AtALMT4 was hypothesized to have the same subcellular 
localization. In order to test this hypothesis, a construct was generated, in which the 
green fluorescence protein (GFP) was fused to the C-terminus of AtALMT4 protein in 
the pART27 vector (Gleave, 1992). Transient expression of this fusion protein in N. 
benthamiana under the control of the 35S promoter was achieved using 
Agrobacterium-mediated leaf transformation. Confocal laser scanning microscopy 
analysis of vacuoles extracted from transiently transformed tobacco mesophyll 
protoplasts revealed that AtALMT4 is targeted to the vacuolar membrane (Fig. 1a) as 
AtALMT6 and AtALMT9 in Arabidopsis. 
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Tissue specific Expression Analysis of AtALMT4 
To investigate the detailed tissue expression pattern of AtALMT4, we made use of the 
Genevestigator database (https://www.genevestigator.com/gv/). These data indicated 
that AtALMT4 is expressed in seeds, leaves and flower tissues in Arabidopsis. 
However, no data are available on roots. In order to verify these data, Arabidopsis 
plants were transformed with the β-glucuronidase (GUS) gene under the control of a 
1836bp genomic region of the AtALMT4 promoter upstream of the start codon. 
Microscopic analysis of the transgenic plants showed that strong GUS activity was 
detected in root tissues 3 and 4 days after germination. No appreciable signal could be 
detected in leaves until 5 days after germination (Fig. 1b). Taken together, these 
observations not only confirm the microarray gene expression data, but also suggest 
that AtALMT4 expression is strong in roots. 
 
 
Figure 1. Intracellular localization and tissue specific expression of AtALMT4. 
(a) Fluorescence (right) and transmission (left) images of vacuoles released from lysed tobacco 
mesophyll protoplasts transiently overexpressing AtALMT4-GFP. The GFP fluorescence (green) and 
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chlorophyll autofluoresence (red) demonstrated that AtALMT4-GFP was localized in the vacuolar 
membrane. (b) Seedlings of Arabidopsis expressing GUS under the control of AtALMT4 promoter 
were subjected to GUS staining and subsequent EtOH destaining 3, 4 and 5 days after germination. The 
blue color indicates the expression of AtALMT4-promoter::GUS. 
 
 AtALMT4 is Permeable to Malate 
The fact that AtALMT4-GFP is localized in the vacuolar membrane allowed the 
application of the patch-clamp technique to characterize its channel properties. In 
order to verify whether AtALMT4 is permeable to malate, the electrophysiological 
experiments were performed on isolated vacuoles from transiently transformed 
tobacco (Nicotiana benthamiana) protoplasts that overexpressed AtALMT4-GFP. In 
symmetric ionic conditions (100 mM malatecyt / 100 mM malatevac), patches in the 
cytosolic-side-out excised configuration displayed malate currents with time-
dependent relaxation kinetics (Fig. 2a) similar to those observed for AtALMT9 
(Kovermann et al., 2007; result chapter I of this thesis) and AtALMT6 (Meyer et al., 
2011). The mean amplitude of AtALMT4 mediated malate currents under these ionic 
conditions was -501 ± 94 pA at a membrane potential of -120 mV, while the mean 
amplitude from untransformed vacuoles was -66 ± 36 pA at -120 mV (Fig. 2b). These 
results suggest that AtALMT4 may be capable of mediating the fluxes of malate 
across the vacuolar membrane. 
 
Figure 2. AtALMT4 mediates malate currents across the tonoplast. 
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(a) A current trace from excised cytosolic-side-out patches obtained from AtALMT4-GFP 
overexpressing tobacco vacuoles in symmetric malate conditions (100 mM malatecyt / 100 mM 
malatevac). Currents were elicited with 3 s voltage pulses ranging from + 60 mV to -120 mV in -20 mV 
steps, followed by a 4 s tail pulse at +60 mV, the holding potential was set to + 60 mV. (b) Mean 
current-voltage curves of malate currents obtained from AtALMT4-GFP overexpressing (n=10) and 
untransformed tobacco vacuoles (n=3) (Error bars represent SD).  
 
Analysis of AtALMT4 Knock-out Lines 
In order to investigate the physiological functions of AtALMT4, two independent 
knock-out lines of AtALMT4, atalmt4-1 and atalmt4-2, were obtained. By sequencing, 
the insertion was verified to reside in the first and third exon of AtALMT4 in atalmt4-
1 and atalmt4-2, respectively (Fig. 3a). Homozygous plants were identified by 
genotyping through PCR with different combination of appropriate primers and the 
absence of AtALMT4 transcript in the homozygous plants were verified by RT-PCR 
(Fig. 3b).  
 
 
Figure 3. Two knock-out lines of AtALMT4. 
(a) The position of insertion of two knock-out line in AtALMT4 genomic DNA. The insertion site is 
located in the first and third exon in atalmt4-1 and atalmt4-2, respectively. (b) Semi quantitative RT-
PCR analysis of AtALMT4 transcript in AtALMT4 knock-out lines and corresponding wild-type plants. 
The transcript of actin is shown as a control. 
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Since AtALMT6, 9 and 12 were identified to be expressed in guard cells and two of 
them (AtALMT9 and AtALMT12) are involved in stomatal movement, stomata 
opening assays were performed subsequently on epidermal strips from these two 
independent atalmt4 knock-out lines. Epidermal strips were incubated in the light in 
30 mM KCl solution (10 mM MES-KOH, 30 mM KCl, pH=5.7) for 2 hours and the 
stomatal aperture of atalmt4 knock-out lines and wild-type plant was measured. Fig. 
4a shows that the stomatal aperture values for atalmt4 knock-out lines and their 
corresponding wild-types. Stomatal apertures of atalmt4-1 and atalmt4-2 were 30 ± 
8% and 16 ± 10% larger than those of the corresponding wild-type plants (Fig. 4a). 
Interestingly, the atalmt4-1 knock-out line also exhibited decreased drought tolerance 
compared to the corresponding wild-type plants (Fig. 4b), while in atalmt4-2 mutant 
lines this phenotype was also visible but not statistically significant (data not shown). 
20 days after the last watering, plants of the atalmt4-1 knock-out line had 39 ± 5% 
less relative water content than the corresponding wild-type plants, while atalmt4-2 
plants displayed a decrease of 8 ± 4%, however this difference was not statistically 
significant (Fig. 4c). The difference in severity of drought stress response between the 
two knock-out lines may be due to their different ecotype background, namely 
Nossen-0 and Columbia-0 for atalmt4-1 and atalmt4-2, respectively. Taken together, 
these results suggest that AtALMT4 may function in regulation of stomatal movement 
and may impact on the plant’s water use efficiency. 
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Figure 4. AtALMT4 is involved in stomatal movement in Arabidopsis. 
(a) Stomatal aperture of atalmt4-1 and atalmt4-2 mutants and the corresponding wild-type plants 
measured using stripped epidermis layers. Measurements from three independent plants were 
performed after 2 hours of incubation in 30 mM KCl buffer in white light (n=100 stomata). AtALMT4 
knock-out plants displayed an increased aperture compared to the corresponding wild-type plants, a 
difference that is statistically significant at the p<0.001 level (Student’s t-test). (b) atalmt4-1 mutants 
are more sensitive to drought stress. 20 days after watering, the wild-type plants were still turgescent, 
while atalmt4-1 mutants were wilted. (c) Relative water content (RWC was calculated with the 
following equation: RWC=(FW-DW)/FW, whereby FW is fresh weight and DW is dry weight) in 
wild-type and atalmt4 mutant plants. The bar chart shows the relative water content of atalmt4-1, 
atalmt4-2 and the corresponding wild-type plants 20 days after stopping watering. (p values present 
Student’s t-test). 
6.3 Discussion  	  
In Arabidopsis, the ALMT family consists of 14 members that can be grouped into 
three clads (Kovermann et al., 2007). Clade II consists of 5 members (AtALMT3, 4, 5, 
6, 9), two of which have been well characterized and found to being localized in the 
vacuolar membrane (Kovermann et al., 2007, Meyer et al., 2011; result chapter I of 
this thesis). In this chapter, a further member of clade II, AtALMT4, was preliminarily 
characterized. The analysis of the GFP fusion protein showed that AtALMT4 is 
localized in the vacuolar membrane (Fig. 1a), which was reminiscent of the vacuolar 
membrane localization of AtALMT6 and AtALMT9. The expression pattern of 
AtALMT4 that showed an expression in both shoots and roots (Fig. 1b), was similar to 
	  Result	  Chapter	  IV	  
	   101	  
that of AtALMT9 but different to that of AtALMT6, which is not expressed in roots 
(Meyer et al., 2011). Moreover, the observation that AtALMT4 was exclusively 
expressed in roots in the first three days after seeds germination implies that 
AtALMT4 may have a defined physiological role in this developmental stage of the 
root. However, in order to verify this hypothesis, further studies need to be conducted. 
As in previous studies on AtALMT6 and AtALMT9, excised cytosolic-side-out 
patches on AtALMT4 overexpressing tobacco vacuoles also showed malate inward 
currents into the vacuole, in a fashion similar to AtALMT6 and AtALMT9 (Fig. 2). 
However, the mean amplitude of malate currents mediated by AtALMT4 was only 
one third of that observed for AtALMT9. This indicates that AtALMT4 transports 
malate less efficiently than AtALMT9. This may be due either to the fact that 
AtALMT4 has a lower open probability or has a less conductive single channel. 
Another possibility for that difference might be that due to the vacuole isolation 
procedure, putative regulators of AtALMT4 in the cytosol are missing. Interestingly, 
AtALMT4 exhibited a large time constant of the tail currents relaxation kinetics that 
was almost 10 times larger than that of AtALMT9 (Cornelia Eisenach, personal 
communication). This indicates that once activated, AtALMT4 channels closed much 
more slowly than AtALMT9. Alternatively, AtALMT4 may have the potential 
function to transport malate out of vacuole. Moreover, by contrast to AtALMT9, 
AtALMT4 does not transport inorganic anions like Cl-, NO3-, phosphates (HPO43- and 
H2PO42-) and SO42- (Cornelia Eisenach, personal communication). This difference in 
substrate selectivity between AtALMT4 and AtALMT9 suggest that AtALMT4 may 
play an important role in cytosolic malate homeostasis. To investigate different 
properties of gating and selectivity between AtALMT9 and AtALMT4, further 
structural studies need to be conducted on AtALMT4. 
The dicarboxylic acid malate is an important plant metabolite. The transport of malate 
by tonoplast-intrinsic anion channels and transporters facilitates the vacuolar malate 
uptake and release, which is crucial for the regulation of stomatal movement. 
Functional deletion of AtALMT4 caused an increased stomatal aperture and 
sensitivity to drought stress (Fig. 4). These phenotypes might be attribute to the 
reduced release of malate from the vacuole during the stomatal closure process. This, 
in turn, would cause increased osmotic potentials hampering stomatal closure. 
Furthermore, functional deletion of AtALMT4 in Nossen-0 background knock-out 
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lines caused decreased drought tolerance, while that in Columbia-0 background was 
not significantly different (Fig. 4). The different observations between the two 
ecotype background mutants indicate that AtALMT4 may function in the malate 
release from vacuoles and be further involved in drought stress tolerance probably 
under certain environmental conditions. 
In conclusion, the studies on AtALMT4 suggest that AtALMT4 is a malate anion 
channel in the vacuolar membrane involved in drought stress tolerance. Although the 
expression of AtALMT4 in guard cells was shown recently (Obulareddy et al., 2013), 
its expression pattern and detailed channel properties are still superficially studied. 
Further experiments are required to clarify its contribution to stomatal movement and 
drought stress tolerance. 
6.4 Methods 	  
Plant material and growth conditions 
All wild-type (Columbia-0 and Nossen-0) and atalmt4 mutant plants of Arabidopsis 
thaliana were grown in a growth chamber (8h light 22°C / 16h dark 18°C, 55% 
relative humidity) in potting soil. For drought stress experiments, plants were grown 
in a defined amount of sieved soil in round pots (6 cm diameter) with regular 
irrigation for 8 weeks. Watering was stopped for drought stress treatment. 
Selection of atalmt4 knockout lines 
Two independent T-DNA insertion lines, atalmt4-1 (PST15045) and atalmt4-2 
(SALK_086236), were obtained from the RIKEN bio-resource center and the Salk 
Institute Genomic Analysis Laboratory Arabidopsis T-DNA insertion collection, 
respectively. Genomic DNA was extracted from wild-type plants and mutant plants, 
and the T-DNA insertion locus were verified by PCR genotyping using AtALMT4 
specific primers. To select homozygous lines we used the AtALMT4 specific primer 
pst15045-For (5'-TGTGATATGCCTAATATTGG -3') and pst15045-Rev (5'-
CATATTCATACGACTTCATCG -3') and T-DNA specific primer Ds5-2a (5'-
TCCGTTCCGTTTTCGTTTTTTAC -3') for atalmt4-1. The AtALMT4 specific primer 
SALK_086236-For (5'-TTCGATCAAATCTTCCGGATTT -3') and SALK_086236-
Rev (5'-CTTCAAGTGAATTGGCCACAC -3') and T-DNA specific primer LBb1.3 
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(5'-ATTTTGCCGATTTCGGAAC-3') for atalmt4-2. The abundance of the AtALMT4 
transcript in homozygous knock-out lines and wild-type plants (see below) was 
assayed by RT-PCR using the AtALMT4 specific primers ALMT4 forward (5’-
ACGCgtcgacATGGCTGACCAAACT AGAGAAG-3’) and ALMT4 reverse (5’- 
ACATgcatgcTATCCGTGTCTCGCTAACTTGT-3’). As loading control actin 
transcript was amplified with the primers 5’-TGGAATCCACGAGACAACCT-3’ and 
5’-TTCTGTGAACGATTCCTGGAC-3’. 
Stomatal aperture measurements 
The stomatal aperture measurements of AtALMT4 wild-type and knock-out plants 
were conducted as described in Result Chapter I. 
Tissue-specific expression of AtALMT4 in Arabidopsis 
A 1836bp promoter fragment up stream of AtALMT4 was cloned into the pGreen0229 
vector with the GUS gene. The vector construct was transformed into Arabidopsis 
using the Agrobacterium-mediated floral-dipping method (Clough and Bent, 1998). 
Transgenic plants were selected by BASTA resistance and plants of the T2 generation 
were selected. Different days after germination, these transgenic plants were 
incubated in GUS staining buffer (50mM NaHPO4 pH=7.2, 0.5% Triton X-100, 1mM 
X-Gluc) at 37°C for 12 h, which was subsequently replaced with 70% ethanol to 
remove pigments. The samples were examined using a light microscope.	  
Overexpression of AtALMT4-GFP in Nicotiana benthamiana  
 For	  transient	  overexpression	  of	  AtALMT4,	   the	  cDNA	  was	  cloned	   into	  the	  vector	  pART27	  (Gleave, 1992). The Agrobacterium-mediated infiltration of N. benthamiana 
leaves was performed as described by Yang et al. (2001), with slight modifications. 
After infiltration, the tobacco plants were grown in the greenhouse (16h light/8h dark, 
25°C). 2-3days after infiltration, vacuoles were isolated for patch-clamp experiments.  
Patch-­‐clamp	  
Mesophyll protoplasts from AtALMT4-GFP overexpressing tobacco leaves were 
isolated by enzymatic digestion. The enzyme solution contained 0.3 % (w/v) cellulase 
R-10, 0.03 % (w/v) pectolyase Y-23, 1 mM CaCl2, 500 mM sorbitol and 10 mM MES, 
pH 5.3, 550 mOsm. Protoplasts were washed twice and resuspended in the same 
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solution without enzymes. Vacuoles were released from mesophyll protoplast by the 
addition of 5 mM EDTA and applying a slight osmotic shock (500 mOsm, see 
medium below). Transformed vacuoles exhibiting an AtALMT4-GFP signal were 
selected using an epifluorescence microscope. Membrane currents from patches of the 
tonoplast were recorded using the excised cytosolic-side out patch-clamp technique as 
described in Result Chapter I. 
The pipette solution contained 112 mM malic acid, 5 mM HCl and was adjusted with 
BisTrisPropane (BTP) to pH 6. The osmolarity was adjusted with sorbitol to 550 
mOsm. The bath solution contained 100 mM malic acid, 3 mM MgCl2, 0.1 mM CaCl2, 
adjusted to pH 7.5 with BTP. The osmolarity was adjusted to 500 mOsm using 
sorbitol. All chemicals were purchased from Sigma-Aldrich. Liquid junction 
potentials were measured and corrected when higher than ± 2 mV (Neher, 1992). 
Current-voltage characteristics were obtained by subtracting the current at t=0 from 
the quasi-stationary currents (averaging the last 50 ms of the current trace) elicited by 
main voltage pulses.  
Microscopy	  
Intracellular localization of AtALMT4-GFP was determined by performing an 
osmotic shocked based lysis to release vacuoles of tobacco protoplasts overexpressing 
the AtALMT4-GFP construct. Microscopy was conducted using a Leica DMIRE2 
(www.http://www.leica-microsystems.com) laser scanning microscope which was 
equipped with a x63 glycerol objective. GFP fluorescence signals were imaged at an 
excitation wavelength of 488 nm, the emission was detected between 500 and 530 nm. 
The appropriate Leica confocal software has been used for image acquisition. 
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7. Result Chapter V 
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Abstract Vitis vinifera L. represents an economically
important fruit species. Grape and wine flavour is made from
a complex set of compounds. The acidity of berries is a major
parameter in determining grape berry quality for wine
making and fruit consumption. Despite the importance of
malic and tartaric acid (TA) storage and transport for grape
berry acidity, no vacuolar transporter for malate or tartrate
has been identified so far. Some members of the aluminium-
activated malate transporter (ALMT) anion channel family
from Arabidopsis thaliana have been shown to be involved
in mediating malate fluxes across the tonoplast. Therefore,
we hypothesised that a homologue of these channels could
have a similar role in V. vinifera grape berries. We identified
homologues of the Arabidopsis vacuolar anion channel
AtALMT9 through a TBLASTX search on the V. vinifera
genome database. We cloned the closest homologue of
AtALMT9 from grape berry cDNA and designated it
VvALMT9. The expression profile revealed that VvALMT9
is constitutively expressed in berry mesocarp tissue and that
its transcription level increases during fruit maturation.
Moreover, we found that VvALMT9 is targeted to the vac-
uolar membrane. Using patch-clamp analysis, we could
show that, besides malate, VvALMT9 mediates tartrate
currents which are higher than in its Arabidopsis homologue.
In summary, in the present study we provide evidence that
VvALMT9 is a vacuolar malate channel expressed in grape
berries. Interestingly, in V. vinifera, a tartrate-producing
plant, the permeability of the channel is apparently adjusted
to TA.
Keywords Anion transport  Grape berry ripening 
Ion channel  Malic acid  Tartaric acid  Vacuole
Abbreviations








AttDT Arabidopsis thaliana tonoplast dicarboxylate
transporter
DAF Days after flowering
Introduction
Grape berries (Vitis vinifera L.) exhibit a double-sigmoid
growth pattern that results from two successive periods of
vacuolar swelling during which the nature of accumulated
solutes changes significantly (Coombe 1992). During the
first period, called green or herbaceous stage, berries
accumulate mainly organic acids in the vacuole [predom-
inantly malic acid (MA) and tartaric acid (TA)] and have a
constant vacuolar pH of 2.5 (Terrier et al. 2001). At the
onset of ripening (ve´raison), berries often become coloured
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and start to accumulate sugars. At maturity, the concen-
trations of glucose and fructose may be higher than 1 M
(Coombe 1976; Terrier et al. 2001). In parallel, their
organic acid content decreases, whereby the vacuolar pH
increases to about 3.5 (Terrier et al. 2001). Tartaric and
malic acid generally account for 69–92 % of all organic
acids in grape berries, and both of them reach maximal
concentrations at the end of the green stage (Conde et al.
2007). However during ripening, the content of MA in
berries continuously decreases, while that of TA remains
constant. The acidity of berries is a major parameter
determining their quality. The overall consumer apprecia-
tion is more related to the titratable acidity/sugar content
than to the soluble sugars alone. Besides flavour and col-
our, the pH of grapes at harvest is a critical parameter for
vinification. Wine pH depends on three major factors: the
total amount of acids, the ratio of MA to TA and the
concentration of potassium (Conde et al. 2007).
Despite their similar chemical nature, MA and TA
synthesis follow different pathways. The biosynthesis of
TA starts with L-ascorbic acid (AA) and is still not fully
understood (Saito and Kasai 1969). The accumulation of
TA resulting in high levels in mature berries suggests a
strongly active metabolic pathway that may compete for
AA with redox-associated functions more commonly
linked to in vivo AA pools (Melino et al. 2009). In contrast,
the precursor of MA is sucrose which is translocated from
the leaves to the green berries. The main enzymes involved
in malate synthesis (phosphoenolpyruvate carboxylase,
PEPC and malate dehydrogenase, MDH) have been iden-
tified and shown to be active in grape berries (Taureilles-
Saurel et al. 1995a, b; Fernie and Martinoia 2009; Sweet-
man et al. 2009). Instead, the decrease in acid content
during grape berry ripening has been mainly associated
with mitochondrial malate oxidation, most likely by malic
enzyme (ME) (Kanellis and Roubelakis-Angelakis 1993).
Tonoplast transporters of MA and dicarboxylic acids
have long been sought given the imperative vacuolar
storage of these compounds. Emmerlich et al. (2003)
identified the Arabidopsis thaliana tonoplast dicarboxylate
transporter (AttDT) in mesophyll cells at the molecular
level. Subsequently, members of the aluminium-activated
malate transporter (ALMT) gene family (A. thaliana
ALMT9 and 6) were identified to encode vacuolar malate
channels in mesophyll and guard cells (Kovermann et al.
2007; Meyer et al. 2011).
The amount of MA and TA has a fundamental impact on
grape berry quality for the wine-making industry (Conde
et al. 2007). Despite the importance of MA and TA
transport processes in grape berries, no vacuolar transporter
for malate has been identified in V. vinifera until now and
to the best of our knowledge no tartrate transporter/channel
has been reported in plants. Therefore, in the present work
we tried to fill this lack of information aiming at identi-
fying a malate/tartrate transporter in V. vinifera. We
hypothesised that an AtALMT9 homologue could code for
a vacuolar malate/tartrate channel in grape berries. Here,
we describe the cloning and characterisation of a grape
berry ALMT (V. vinifera ALMT). We identify VvALMT9
and show that it is able to mediate malate and tartrate
accumulation in the vacuole of grape berries.
Materials and methods
Plant material
Berry samples (V. vinifera cv. Aragonez) were collected
from an experimental plot at the commercial vineyard
Monte dos Seis Reis (South of Portugal, Estremoz, Portu-
gal). Berries were collected during the summer season of
2007 in pre-ve´raison (49DAF), ve´raison (68DAF), matu-
ration (81 DAF) and full maturation stage (97 DAF).
Collected berries were immediately frozen in liquid nitro-
gen and stored at -80 C before usage.
Molecular cloning of VvALMT9
Total RNA was extracted from mature mesocarp (pulp)
tissues using the method of Reid et al. (2006). Mesocarp
tissue was ground in liquid nitrogen to a fine powder and
immediately added to pre-warmed RNA extraction buffer.
RNA was purified using the RNeasy kit (Qiagen) in the
presence of DNaseI according to manufacturer’s instruc-
tions (RNase-Free DNase Set; Qiagen). Full-length cDNAs
were synthesised using RT included in the LongRange
2Step RT-PCR kit (Qiagen) according to the manufac-
turer’s instructions. VvALMT9 full-length cDNA was
amplified using the high fidelity DNA polymerase Phu-
sion
TM
(Finnzymes). The resulting PCR product was cloned
into pDONR
TM
221 as entry vector and pH7FWG2
TM
as
destination vector (Gateway Technology, Invitrogen).
Phylogenetic analysis
The V.vinifera genome (http://www.cns.fr/spip/Vitis-
vinifera-e.html), phytozome (http://www.phytozome.net)
and the National Center for Biotechnology Information
(NCBI; http://www.ncbi.nlm.nih.gov/) databases were
screened using AtALMT9 (At3g18440) as query to find
homologous grapevine sequences. Multiple sequence
alignments were performed with the ClustalW algorithm
(http://align.genome.jp/) using default parameters
(Thompson et al. 1994). The phylogenetic analysis was
performed with the phylogeny software (http://www.
phylogeny.fr).
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Overexpression of VvALMT9-GFP and AtALMT9-
GFP in Nicotiana benthamiana
For transient overexpression (Kovermann et al. 2007) of
VvALMT9-GFP and AtALMT9-GFP, the cDNA was
cloned into pH7FWG2
TM
or the pART27 vector, respec-
tively. The Agrobacterium-mediated infiltration of
N. benthamiana leaves was performed as described with
slight modifications (Holsters et al. 1980). After Agrobacte-
rium-mediated infiltration, tobacco plants were grown in the
greenhouse (16 h light/8 h dark, 25 C). 2–3 days after the
Agrobacterium-mediated infiltration, the transformed leaves
were used to extract protoplasts and vacuoles for confocal
microscopy and patch-clamp experiments. N. benthamiana
seeds were derived from own stocks.
Intracellular localisation of VvALMT9-GFP
Protoplasts and vacuoles of N. benthamiana leaves over-
expressing VvALMT9-GFP were isolated as described for
patch-clamp experiments. Microscopy was conducted
using a Leica DMIRE2 (http://www.leica-microsystems.
com) laser scanning microscope. The microscope was
equipped with a 639 glycerol objective. For image
acquisition, the appropriate Leica confocal software was
used. GFP fluorescence was imaged at an excitation
wavelength of 488 nm, and the emission signal was
detected between 500 and 530 nm.
Gene expression of VvALMTs
Total RNA was extracted from 150 mg grape berry pulp
(mesocarp) using the RNeasy Plant Mini Kit (Qiagen)
following the manufacturer’s instructions. An on-column
DNase I digestion step was included. Total RNA (1 lg)
was reverse transcribed using M-MLV reverse transcrip-
tase (Promega) and oligo (dT) priming. Transcript levels
were determined by quantitative real-time PCR using the
7500 Fast Real-Time PCR System (Applied Biosystems)
with the 7500 Software version 2.0.4. Reactions were
performed in a final volume of 20 lL with 5 lL cDNA
(diluted 1:10), 0.25 lM gene-specific primers and 10 lL
SYBR Green PCR Master Mix (Applied Biosystems).
Reaction conditions for the thermal cycling were as fol-
lows: after enzyme activation at 95 C for 10 min, ampli-
fication was carried out in a two-step PCR procedure with
40 cycles of 15 s at 95 C for denaturation and 1 min at
60 C for annealing/extension. All reactions were per-
formed in technical triplicates of three biological repli-
cates. Gene primer sequences used in the qRT-PCR
analyses were as follows: VvALMT5 forward 50-GAGT
GCCAGCTCCTTGTCTT-30, VvALMT5 reverse 50-TTT
TGGAGCTGGAAGGTCCG-30; VvALMT6 forward 50-G
AAACAATCCCCTTGGCCCT-3‘, VvALMT6 reverse 50-A





tion curves were analysed to verify the specificity of each
amplification reaction; the dissociation curve was obtained by
heating the amplicon from 60 to 95 C. Transcript levels were
calculated using the standard curve method and normalised
against the VvActin gene (GU585869) as described by (Pfaffl
2001).
Protoplast preparation and patch-clamp recordings
on isolated vacuoles
Tobacco leaves were gently scratched on the abaxial side
and floated in the enzymatic solution for 30–45 min at
30 C. The enzyme solution contained 0.3 % (w/v) cel-
lulase R-10, 0.03 % (w/v) pectolyase Y-23, 1 mM CaCl2,
500 mM sorbitol and 10 mM Mes, pH 5.3. Protoplasts
were washed twice and resuspended in solution without
enzymes. Vacuoles were isolated by calcium and osmotic
shock. Membrane currents were recorded using the patch-
clamp technique as described elsewhere (Meyer et al.
2011). Briefly, currents were recorded with an EPC10
patch-clamp amplifier (HEKA electronics) using the
Patchmaster software (HEKA Electronics, Lambrecht/
Pfalz, Germany). Data were analysed with the FitMaster
software (HEKA electronics). Following the formation of
giga seals between the patch pipette and the vacuolar
membrane, the excised vacuole-side-out patches were
obtained after having established the whole-vacuole con-
figuration by pulling the pipette away from the vacuole.
Pipette solutions contained 112 mM MA, 5 mM HCl and
3 mM MgCl2 adjusted to pH 6.0 with 100 mM 1,3-
bis[tris(hydroxymethyl)methylamino]propane (BTP). The
standard bath solution contained 100 mM MA, 160 mM
BTP, 3 mM MgCl2 and 0.1 mM CaCl2, pH 7.5. For
selectivity studies, MA in the standard bath solution was
replaced by equimolar amounts of TA. The osmotic
pressure of all solutions was 550 mOsm adjusted with
D-sorbitol. Ionic solutions bathing the vacuole were
exchanged by a gravity-driven perfusion system coupled
to a peristaltic pump. Current–voltage characteristics were
either obtained by subtracting the current at t = 0 from
the quasi-stationary currents (averaging the last 50 ms of
the current trace) elicited by main pulses; or from the
value of the tail currents (at t = 0) fitted by a monoex-
ponential function. Error bars represent standard error
throughout the article.
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Results
Cloning VvALMT9, a homologue of the Arabidopsis
vacuolar channel AtALMT9 from Vitis vinifera
Since two members of the ALMT family from A. thaliana
(AtALMT9 and 6; Kovermann et al. 2007; Meyer et al.
2011) have been demonstrated to mediate malate fluxes
across the tonoplast, we hypothesised that ALMTs could
have a similar role in V. vinifera berries. To identify a
homologue of the Arabidopsis vacuolar anion channel
AtALMT9 (At3g18440; Kovermann et al. 2007), we per-
formed a TBLASTX search on the genome database of
V. vinifera (http://www.phytozome.net) using the cDNA
of this channel as a query. The search identified five
sequences displaying a significant similarity to AtALMT9
(e value B 10-30). We found that the genomic sequence
GSVIVG01008270001 exhibited the highest degree of
similarity (e value = 10-161). We cloned the grape berry
cDNA of the closest homologue of AtALMT9 from mRNA
extracted from the mesocarp of grape berries and designated
it VvALMT9 (Fig. 1). The alignment of the cloned cDNA
sequence with the Vitis genome revealed that the VvALMT9
gene consisted of six exons coding for a protein of 588
amino acids. VvALMT9 displays a high degree of identity
with AtALMT9 (64 %). To further analyse the ALMT
family in V. vinifera we performed additionally a BLAST
search on the Vitis proteome (http://www.phytozome.net)
using the AtALMT9 amino acid sequence. A dendrogram
based on the amino acid similarity indicates that the 13
members of the ALMT family in V. vinifera are grouped in
three clades as in Arabidopsis (Fig. 1). Notably, even if the
total number of ALMTs is similar in Arabidopsis (14
members) and Vitis (13 members), the number of members
per clade is different between the two species. Clade I, to
which AtALMT1 (Hoekenga et al. 2006) belongs, contains
in V. vinifera eight members, while it includes five members
in A. thaliana. Clade II is represented in V. vinifera by four
members. In contrast, in A. thaliana clade II contains five
members including AtALMT9 and 6 (Kovermann et al.
2007; Meyer et al. 2011). Interestingly, clade III incorpo-
rates only one member in V. vinifera, whereas in Arabid-
opsis there are four members, amongst them AtALMT12
(Meyer et al. 2010).
VvALMT9 expression levels increase during grape
berry development
To elucidate whether the members of VvALMT clade II
including VvALMT9 could feature physiological relevance
during fruit development and maturation, we conducted
expression profile analysis using quantitative real-time
PCR. On that purpose, grape berry mesocarp tissue was
used to extract RNA at different developmental stages of
the fruit. Despite not detecting significant expression levels
for VvALMT6 and marginal transcription of VvALMT13
in this tissue, the other clade members VvALMT9 and
VvALMT5 were substantially transcribed in berries at all
examined stages (Fig. 2). In the green phase (49 days after
flowering, DAF) and at the onset of ripening (68 DAF)
transcript levels of VvALMT9 were lower relative to the
fully developed fruit. After induction of the ripening pro-
cess (81 and 97 DAF), expression levels rose approxi-
mately four times. VvALMT13 showed generally a less
pronounced expression magnitude than VvALMT9, but a
similar tendency of transcriptional up-regulation during
fruit development. In contrast, VvALMT5 was constantly
highly expressed throughout maturation, therefore repre-
senting the prevalent member of clade II VvALMTs in
grape berries. Thus, with the expression profile we dem-
onstrate that VvALMTs are constitutively transcribed in
grape mesocarp tissue. Further, VvALMT9 transcript lev-
els experience a marked increase throughout the ripening
process. Altogether, these results suggest that clade II
VvALMTs might be involved in grape berry maturation.
Fig. 1 Dendrogram of the ALMT protein family in V.vinifera. Based on
multiple amino acid sequence alignments using ClustalW (Thompson
et al. 1994) the 13 members of the VvALMT protein family were
classified into three main clades as in A. thaliana. Clade I members:
VvALMT1, VvALMT2, VvALMT3, VvALMT4, VvALMT7,
VvALMT8, VvALMT10 and VvALMT11 (GSVIVT01036162001,
GSVIVT01037570001, GSVIVT01037569001, GSVIVT01036157
001, GSVIVT01011122001, GSVIVT01011148001, GSVIVT0101
9627001, GSVIVT01027186001). Clade II members: VvALMT5,
VvALMT6, VvALMT9 and VvALMT13 (GSVIVT01011922001,
GSVIVT01011922001b, GSVIVT01008270001, GSVIVT010194
47001). Clade III: VvALMT12 (GSVIVT01013184001). The ALMTs
from A. thaliana that have been already characterised are inserted in the
dendrogram. Branch lengths are given in relative units illustrating the
level of occurred evolutionary change
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VvALMT9 is localised in the tonoplast
To investigate the subcellular localisation of VvALMT9,
we generated a construct encoding the VvALMT9 protein
with a C-terminal GFP fusion in pH7FWG2 (Gateway
Technology, Invitrogen). Subsequently, we transiently
expressed VvALMT9 in N. benthamiana leaves by agro-
infiltration (Holsters et al. 1980). Confocal laser scanning
microscopy analysis of vacuoles extracted from lysed
protoplasts of transiently transformed tobacco leaves
allowed localising VvALMT9-GFP in the tonoplast
(Fig. 3a). These data indicate that VvALMT9 is targeted to
the vacuolar membrane as its counterpart in Arabidopsis.
VvALMT9 is an ionic channel mediating malate
currents
The localisation of VvALMT9 in the tonoplast allowed using
the patch-clamp technique to characterise the properties of the
putative ion channel. Electrophysiological experiments were
conducted on vacuoles obtained from N. benthamiana pro-
toplasts transiently transformed with the VvALMT9-GFP
construct. Vacuoles expressing VvALMT9-GFP were selected
by their fluorescence signal under the microscope and chosen
for patch-clamp experiments in excised cytosolic-side-out
configuration (i.e. with the cytosolic side of the membrane
exposed to the bath solution). As a first step we compared the
currents that could be measured in vacuoles from excised
patches from non-transformed and transformed cells (Fig. 3b).
We found that in symmetric malate concentrations
(100 mM malate2cyt and 100 mM malate
2
vac), patches from
fluorescent vacuoles displayed a voltage-dependent inward
current with a time of half activation of t1/2 = 290 ± 20 ms
reminiscent of the currents observed in AtALMT9 and
AtALMT6 overexpressing vacuoles (Kovermann et al. 2007;
Meyer et al. 2011). In patches of transformed vacuoles, we
measured current amplitudes of -1.6 ± 0.2 nA, while in
patches from non-transformed vacuoles the detected ampli-
tudes were -0.10 ± 0.01 nA at -100 mV (Fig. 3c). The ten
times higher currents found in patches from transiently trans-
formed vacuoles indicate that VvALMT9 is able to mediate
ionic currents across the tonoplast. To verify whether the
currents observed in VvALMT9 transformed vacuoles are
mediated by malate, we switched the cytosolic side solution
from 100 mM malate2cyt to 10 mM malate
2
cyt and followed the
reversal potential and the change in current amplitude (Fig. 4).
During the exchange of the cytosolic side solution, the currents
mediated by VvALMT9 decreased from -1.6 ± 0.2 nA in
100 mM malate2cyt to -0.19 ± 0.09 nA in 10 mM malate
2
cyt
at -100 mV (Fig. 4b). In 100 mM malate2cyt and
Fig. 2 Quantitative real-time PCR expression profile of VvALMTs
in grape berry mesocarp. Displayed are expression profiles of
VvALMT9, VvALMT5 and VvALMT13 in mesocarp tissue during
fruit development and ripening (49–97 days after flowering, DAF).
VvActin (GU585869) served as a reference gene. Relative expression
levels of VvALMTs were normalised to VvALMT9 at 49 DAF.
Results represent the mean ± standard deviation (SD) of three
biological replicates
Fig. 3 Intracellular localisation and anion conductivity of
VvALMT9-GFP. a Transmission, GFP fluorescence and chlorophyll
autofluorescence images showing the tonoplastic localisation of
VvALMT9-GFP in an isolated vacuole after lysis of N. benthamiana
protoplasts which transiently overexpressed VvALMT9-GFP.
b Representative malate current recordings of non-transformed and
VvALMT9-GFP overexpressing vacuoles obtained from patches in
excised cytosolic-side-out configuration. Currents were elicited with
3 s voltage pulses ranging from ?60 to -120 mV in -20 mV steps
followed by a 1.5 s tail pulse at ?60 mV. The holding potential was
?60 mV. c Mean current–voltage relationships of vacuolar patches of
non-transformed (filled triangles; n = 4) and VvALMT9-GFP over-
expressing (open circles; n = 7) protoplasts in symmetrical malate
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10 mM malate2cyt , the measured reversal potential was
?1±1 mV and -29 ± 1 mV, respectively (Fig. 4d). In both
cases, these reversal potentials approximate the Nernst
potential of malate2- in the investigated conditions
(ENernstð100 mM malate2cyt ¼ 0 mV and ENernstð100 mM
malate2cyt ¼ 28 mV). Therefore, these data show that the
current observed in VvALMT9 expressing vacuoles is carried
by malate.
VvALMT9 can transport tartrate better than AtALMT9
During the green stage, grape berries accumulate large
amounts of MA and TA in the vacuole. Therefore, we were
interested in whether VvALMT9 is able to mediate tartrate
currents beside malate currents. We conducted a parallel
study of TA permeation in AtALMT9 and VvALMT9
(Fig. 5). By exchanging 100 mM malate2cyt with
100 mM tartrate2cyt , we observed that both VvALMT9 and
AtALMT9 expressing vacuoles could mediate tartrate
currents. Referring to the malate currents, the tartrate
currents had 61 ± 6 % and 48 ± 4 % of the amplitude at
-100 mV in VvALMT9 and AtALMT9, respectively
(Fig. 5c). Interestingly, the ratio between the currents of
tartrate and malate (ITA/IMA) indicates that VvALMT9 is
more conductive for tartrate than AtALMT9 (Fig. 5d).
Moreover, the current ratio increases with the applied
membrane potential (Fig. 5d). This slight voltage
Fig. 4 Analysis of malate inward fluxes across the tonoplast mediated
by VvALMT9. a Representative current traces measured in excised
cytosolic-side-out patches of VvALMT9-overexpressing vacuoles in the
presence of 100 mM cytosolic malate and after the exchange to a 10 mM
cytosolic malate solution at different applied membrane potentials.
Currents were elicited with 3 s voltage pulses ranging from ?60 to
-120 mV in -20 mV steps followed by a 1.5 s tail pulse at ?60 mV.
The holding potential was ?60 mV. b I–V curves comparing the
voltage-dependent inward current of VvALMT9 between 100 mM
(open circles; n = 7) and 10 mM (filled circles; n = 7) cytosolic malate
concentrations. c Current traces representing the tail current of patches in
100 and 10 mM malate at the cytosolic side. Currents were elicited by an
activating pre-pulse at -100 mV (2 s), followed by a series of test pulses
ranging from ?30 to -20 mV (100 mM MA
2
cyt) and ?10 to -40 mV
(10 mM MA
2
cyt) in -10 mV steps (1 s). The holding potential was
at ?60 mV. d Corresponding reversal potentials obtained from a linear fit
of the mean current–voltage relations of instantaneous tail currents from
patches of vacuoles overexpressing VvALMT9 in 100 mM (open circles;
n = 4) and 10 mM malate (filled circles; n = 4) in the cytosolic bath
solution. The values of the instantaneous tail currents derived from a
monoexponential fit of the tail current responses. The theoretical Nernst
potential of malate2- in 100 mM symmetrical malate conditions is
ENernstð100 mM MA2cyt Þ ¼ 0 mV and in 10 mM cytosolic malate2- con-
centrations it is ENernstð100 mM MA2cyt Þ ¼ 28 mV. Error bars are ±SE
288 Planta (2013) 238:283–291
123 111
dependency of the ITA/IMA ratio is more pronounced in
AtALMT9 than in VvALMT9 (in Fig. 5d the slope of the
fitted line is 0.004 mV-1 for VvALMT9 and 0.006 mV-1
for AtALMT9). Notably, we illustrate in an equally con-
ducted set of experiments that when exchanging from
100 mM malate2cyt to 100 mM succinate
2
cyt that this dicar-
boxylic acid is likewise transported by VvALMT9 and
AtALMT9 (Fig. 5d). The succinate currents were 76 ± 2
and 74 ± 3 % of the currents in malate in VvALMT9 and
AtALMT9 at -100 mV, respectively. This indicates that
the permeability of succinic acid is identical between the
homologous channels of Arabidopsis and V. vinifera. In
summary, the data show that both VvALMT9 as well as
AtALMT9 are slightly less permeable for tartrate than for
malate and succinate. Nonetheless, the ratio ITA/IMA pro-
vides evidence that VvALMT9 conducts tartrate ions better
than AtALMT9. Taken together, these results indicate that
both, MA and TA, can be transported in the vacuoles of V.
vinifera berries through VvALMT9. Hence, VvAtLMT9 is
the first malate and tartrate channel identified so far in
grape berries.
Discussion
In V. vinifera, the accumulation of organic acids in the
vacuole is involved in berry development and has a great
impact on the final quality of grapes from an agronomical
point of view. In this species, the data on the vacuolar
transporters involved in the accumulation of MA and TA in
berry vacuoles are scarce and no information is available
concerning their molecular identity. Based on previous
studies in A. thaliana (Kovermann et al. 2007; Meyer et al.
2011), we hypothesised that members of the ALMT family
Fig. 5 Comparison between the ion selectivity of VvALMT9 and
AtALMT9 for malate and tartrate. a, b Representative currents recorded
in the presence of 100 mM malate
2
cyt (left traces) and 100 mM tartrate
2
cyt
(right traces). The cytosolic malate solution was exchanged with a
tartrate solution while keeping the same patches from vacuoles
overexpressing VvALMT9 (a) and AtALMT9 (b). Currents were
elicited with 3 s voltage pulses ranging from ?60 to -120 mV in
-20 mV steps followed by a 1.5 s tail pulse at ?60 mV The holding
potential was ?60 mV. c Corresponding current amplitude plots derived
from excised cytosolic-side-out patches from VvALMT9
overexpressing vacuoles exposed to 100 mM malate (filled circles)
and 100 mM tartrate (filled squares, n = 4), as well as from AtALMT9
overexpressing vacuoles exposed to 100 mM malate (open circles;
n = 4) and 100 mM tartrate (open squares; n = 4). d Ratio between
succinate and malate currents mediated by ALMT9 of V. vinifera (filled
diamonds) and A. thaliana (open diamonds) and ratio between tartrate
and malate currents mediated by ALMT9 of V. vinifera (filled squares)
and A. thaliana (open squares) plotted as a function of the applied
membrane potential. Error bars denote ±SE
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could be involved in the vacuolar accumulation of MA and
TA in V. vinifera berries. In a preliminary phylogenetic
analysis, we found that 13 members of the ALMT family
can be identified in the V. vinifera genome (Fig. 1). The 13
VvALMTs cluster in three clades that correspond to the
clades previously described in Arabidopsis (Kovermann
et al. 2007). However, the number of members per clade is
different between the two species with clade I being
overrepresented and clade III harbouring a single member
in V. vinifera (Fig. 1). Instead, clade II to which
VvALMT9 belongs is represented by a similar number of
members in grapevine (Kovermann et al. 2007). We found
that when transiently expressed in tobacco leaves,
VvALMT9-GFP is localised in the tonoplast as AtALMT9-
GFP (Fig. 3a). Further electrophysiological analysis on
excised cytosolic-side-out patches of vacuoles obtained
from transiently transformed tobacco protoplasts allowed
us to demonstrate that VvALMT9 was able to mediate an
inward rectifying malate and tartrate current facilitating the
accumulation of these dicarboxylic acids in the vacuoles of
grape berries (Figs. 4, 5). The comparison between the
substrate selectivity properties of VvALMT9 and AtAL-
MT9 reveals that VvALMT9, like AtALMT9, transports
malate and succinate better than tartrate (Fig. 5). None-
theless, VvALMT9 is able to catalyse the transport of TA
more efficiently than AtALMT9, which is in contrast to the
transport of succinic acid, a metabolic intermediate which
is not accumulated substantially in grape berries. This
functional difference between the two homologous proteins
is intriguing since grape berries are one of the few fruits
accumulating significant amounts of TA (Saito and Kasai
1968).
The extremely acidic pH values found in grape vacuoles
in the green stage (*2.5) allow the accumulation of MA
and TA via a passive transport system like an anion
channel. Indeed, at this pH 99 % of MA and TA are in the





A ¼ 5:11; pK1; TAA ¼ 2:98; pK2; TAA ¼ 4:34; Weast
and Astle 1982–1983). The ALMTs are known to mediate
only the transport of the divalent form of dicarboxylic acids
(Meyer et al. 2011). Hence, in grape berries TA and MA
can be taken up from the neutral cytosol across the tono-
plast as divalent anions (MA2- and TA2-). Once in the
vacuole at pH 2.5, these acids become neutral or mono-
valent which prevents the conduction by anion channels
back to the cytosol. This mechanism, known as ion trap-
ping (Briggs et al. 1987), facilitates loading of grape berry
vacuoles with MA and TA (Fig. 6). The unidirectional acid
flux might explain the requirement of less anion channels
during the green stage compared to the mature grape berry
as represented by lower expression levels of VvALMT9
(Fig. 2). The decline in vacuolar acidity observed
systematically during grape berry ripening was shown to be
accompanied by an increase in tonoplast passive diffusion
(Terrier et al. 2001). The up-regulation of global VvALMT
expression could consequently be a counteraction for
excessive MA and TA decompartementation through anion
leakage. Similarly, the rise of mRNA and protein abun-
dance of both vacuolar proton pumps in grape berries
during maturation was suggested to partly compensate for
passive permeability of the tonoplast (Terrier et al. 2001).
A second explanation for the transcriptional up-regulation
of VvALMT9 could be an involvement in releasing organic
acids from the vacuole during maturation. In late stages of
ripening, the vacuolar pH rises to 3.5–4. Under these
conditions, a minor proportion of the vacuolar MA would
dissociate into the divalent form (MA2-) and be a substrate
of VvALMT9. It is therefore possible that the channel
catalyses the release of MA2- from the vacuole to the
cytosol at this particular phase of development. However,
although we cannot exclude this second hypothesis per se,
our data demonstrate that anion fluxes mediated by
VvALMT9 are directed into the vacuole, thus supporting a
role of VvALMT9 in counteracting excessive organic acid
decompartementation during maturation.
In conclusion, in the present work we provide evidence
that malate and tartrate can be accumulated in the vacuoles
of V. vinifera berries by VvALMT9. Hence, the present
findings represent a step towards understanding
Fig. 6 The ion-trapping mechanism results in vacuolar malate
accumulation in grape berries. In the cytosol at pH 7.5, MA is
present in its fully deprotonated divalent form malate2- (MA2-).
MA2- can be transported by the inward rectifier VvALMT9 into the
vacuole. Once in the extremely acidic vacuole of grape berries
(pH = 2.5–3), MA2- becomes protonated and accumulates mainly as
MAH2 or in the monovalent form, MAH
-. Both forms of MA are not
permeable through ALMTs and thus they are trapped in the vacuolar
lumen. The unidirectional flux of malate forms the basic principle of
its vacuolar accumulation to high levels. Tartaric acid can be
accumulated in the vacuole by the same ion-trapping mechanism
since the acidity constants are pK
1; TA
A ¼ 2:98 and pK2; TAA ¼ 4:34
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carboxylate metabolism and storage in grapes which are
crucial factors impacting wine quality and production.
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8. General Conclusions and Outlook  
 
The aim of this thesis was to further characterize AtALMT9 based on the work of 
Kovermann et al. (2007). In this study, AtALMT9 has been found to transport not 
only malate and fumarate but also slightly chloride from the cytosol to the vacuole. 
Besides CLCs, electrophysiological studies indicated that the influx of chloride ions 
into the vacuole is also catalyzed by chloride channels, but so far their molecular 
identity was not determined. The research presented in this thesis provides the first 
evidence that AtALMT9 acts as a vacuolar chloride channel in vivo.  
In this thesis, electrophysiological studies revealed that AtALMT9 is permeable to 
chloride, confirming the findings of Kovermann et al (2007). Interestingly, the 
chloride currents mediated by AtALMT9 are modulated by cytosolic malate. In the 
presence of malate, the chloride transport activity of AtALMT9 is activated via an 
increase of the channel open probability rather than the single channel conductance. 
This observation is a further confirmation that ALMTs are channels and not 
transporters. Furthermore, AtALMT9 is also expressed in guard cells and the 
AtALMT9 protein mediating influx of chloride ions into vacuoles is essential for 
stomatal opening. AtALMT9-loss-of-function plants exhibited impaired stomatal 
opening and drought stress sensitivity. In summary, the discovery that AtALMT9 
constitutes a vacuolar chloride channel, which has been sought for over 20 years, 
assigns a completely novel function to this anion channel. Additionally, the chloride 
currents activation by malate also reveals a so far unknown signaling function of 
malate in the stomatal opening process. In contrast to the well characterized 
AtALMT9, the results on AtALMT4 presented in this thesis are a first step towards its 
characterization. Even though more research is needed to understand the function and 
regulation of AtALMT4, the phenotypic difference between mutants of AtALMT4 and 
AtALMT9, which show that atalmt4 plants are more drought sensitive, implies that 
AtALMT4 may transport malate across the vacuolar membrane into the cytosol under 
certain environmental conditions and hence be involved in the stomatal closure 
processes. These findings on AtALMT9 and AtALMT4 may pave the way to further 
elucidate the regulation of guard cell anion channels and the modulation of stomatal 
aperture, allowing to produce plants that are more drought tolerant and more 
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productive under certain environmental conditions.  
However, in this thesis, the functional characterization of AtALMT9 and AtALMT4 
mainly focused on their physiological role in guard cells. Considering that AtALMT9 
and AtALMT4 are also expressed in roots, the potential physiological role of 
AtALMT9 and AtALMT4 in this tissue needs to be investigated. As known, under salt 
stress condition, Na+ that enters the cytosol may be sequestered into the vacuole to 
reduce its toxicity in the cytosol. In parallel, the corresponding anion, in most case Cl- 
may also be transported into the vacuole as a charge balance and to detoxify the 
cytosol from harmful effects. Considering this, AtALMT9 may exhibit a potential 
physiological function in salt tolerance. Hence, the further functional characterization 
of AtALMT9 and the expression patterns of AtALMTs (determined by real-time PCR) 
responding to the salt stress would be of great value. 
In addition to the modulation by cytosolic malate, the regulation of AtALMT9 anion 
channel activity by nucleotides was also elucidated in this thesis. The studies in the 
third result chapter suggest that cytosolic free nucleotides regulate the activity of the 
vacuolar anion channel AtALMT9 by altering the voltage-dependency. This occurs by 
an open channel block mechanism. Combining these results with the malate activation, 
we can conclude that during the stomatal opening process, the activation of the V-
type H+-ATPase presumably activates the influx of anions (chloride by AtALMT9) 
and cations into the vacuole. The stimulation of this proton pump could consume and 
decrease the concentration of cytosolic ATP and thus also reduce free ATP, resulting 
in a reduced inhibition of AtALMT9. In the meantime, the malate in the cytosol 
activates the chloride transport activity of AtALMT9. Thus, the chloride anion flux 
across the vacuolar membrane via AtALMT9 is regulated by the combination of 
malate activation and nucleotide inhibition to facilitate stomatal movement. Beside 
these two regulators, AtALMT9 activity may be also regulated by other factors, such 
as protein phosphorylation. (De-) phosphorylation has been identified to be crucial in 
the regulation of ion channels and transporters activity (Lee et al., 2007; Geiger et al., 
2009; Geiger et al., 2010; Imes et al., 2013). Therefore, it may be of interest to 
identify potential phosphorylation sites in AtALMT9 and other ALMT members and 
further study their functional significance. How phosphorylation processes modulate 
the activity of these ALMTs channels in response to growth condition and whether 
some interaction partners (e.g. kinase and phosphatase) participate in this process 
remains to be explored in future. 
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In this thesis, the investigation of the structural elements implicated in ALMT 
function was also conducted, which is a prerequisite to understand the functional and 
physiological differences between ALMTs and their impact on anion transport in 
plants. We used AtALMT9 as a model and expressed a large number of site-directed 
AtALMT9 mutants in Nicotiana bethamiana to identify important amino acids. Firstly, 
citrate was identified to be an open channel blocker of AtALMT9, which 
competitively enters the pore and occludes the conduction pathway of AtALMT9. 
Secondly, charged, highly conserved amino acids in the vacuolar ALMT proteins 
were identified and were shown to be essential for AtALMT9 functionality. Among 
these, two residues (K93 and E130) form a salt bridge connecting the first and second 
putative transmembrane α-helices (TMα1 and TMα2). Three positively charged 
residues (K193, R200 and R215) in TMα5 fundamentally contribute to the 
functionality of the conduction pathway of AtALMT9 and, thus, this transmembrane 
domain was identified to be a probable pore-forming domain. Moreover, similarly to 
other ion channel families, AtALMT9 functions as a homo-oligomer in which 
probably four subunits contribute to form one functional channel. The structural 
investigation of AtALMT9 in this thesis provides new molecular, biochemical and 
biophysical details about the ALMT structure-function relationship. Although this 
thesis reveals that AtALMT9 is able to form functional channels facilitating the anion 
flux independently by forming homo-oligomers, it is still unknown whether 
AtALMT9 may form hetero-oligomers with other ALMTs. In Arabidopsis, the 
ALMTs in clade II (AtALMT9, AtALMT6 and AtALMT3, AtALMT4, AtALMT5, 
unpublished data) have been found to localize in the tonoplast. Therefore, if these 
ALMTs form hetero-oligomers, how do these protein-protein interactions change the 
channel transport activity and properties? To address these questions, bimolecular 
fluorescence complementation (BiFC) assay should be conducted between these 
ALMTs in the future and if an interaction between different vacuolar ALMTs can be 
observed, a detailed electrophysiological characterization should be carried out. 
Furthermore, the phenotype of atalmt4 plants indicates that this ALMT could serve as 
vacuolar malate exporter. However, preliminary studies showed only malate inward 
rectifying (vacuole uptake) currents. Is this phenotype related to another, yet unknown 
mechanism or can for example phosphorylation induce the export of malate? Only 
AtALMT6, whose expression is predominantly restricted to guard cells and flower 
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tissues, was shown to mediate, under certain conditions, malate efflux from the 
vacuole. In case none of other ALMTs are able to export malate from the vacuole, 
which channels are responsible for this important step? 
In conclusion, in this thesis, the vacuolar anion channel AtALMT9, which is relevant 
for plant function and is a main model for ALMT investigations in our laboratory, 
was intensively characterized in respect to its physiological functions, its 
electrophysiological properties including the structural organization and its mode of 
regulation. Although much progress has been made in the functional and biophysical 
characterization of vacuolar ALMTs, many questions remain to be answered. The 
data published and yet not published from this thesis indicate that vacuolar ALMTs 
exhibit common features, but fulfill different physiological roles. Future research will 
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